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ABSTRACT 
Products derived from the gasification of switchgrass have been examined for use 
as reburn fuel. Reburing is a technology used to control the emissions ofNOx from coal 
fired utility boilers. With reburning, 10%-30% of the total energy input is injected 
downstream of the primary combustion zone. This creates a sub-stoichiometric zone where 
the destruction ofNOx is favored. 
Three main points were investigated in this research in order to understand the 
effectiveness of switchgrass derived producer gas as a rebum fuel. First, the energy injected 
into the re bum zone was varied in order to determine the effect of re bum zone energy input 
on NOx reduction. Second, the ability of gasification residue, solid particulate entrained in 
the gas flow, to reduce NOx was examined. Finally, attention was given to how 
compositional variations in the producer gas influence the NOx reducing ability of the gas. 
NOx reductions as high as 80% were attained under relatively fuel rich rebum zone 
conditions. Energy input into the rebum zone proved to be the most important factor in 
determining effectiveness ofNOx reduction. Gasification residue was shown to influence 
NOx reduction, though its effect was attributed to the increase in energy in the reburn zone. 
Variations in the producer gas composition failed to affect the ability of the gas to reduce 
NOx. 
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1. INTRODUCTION 
Over the next century, population and economic forces are expected to drive the 
demand for energy far beyond the current production level. At the same time more and more 
evidence continues to link human activities, primarily the combustion of fossil fuels, to 
global climate change. Atmospheric levels of the greenhouse gas carbon dioxide have 
increased by more than 30% over pre-industrial revolution levels [1]. As a result of this, the 
mean global temperature continues to rise at rates unprecedented in the last 500-1000 years. 
This trend will only continue to increase in severity unless serious efforts are made to 
displace fossil fuel usage. For this reason, renewable non-fossil fuels such as biomass must 
continue to be used to a greater extent to help meet the world's future energy needs. Biomass 
is the term given to organic matter of recent origin when used as a sustainable feedstock for 
the production of energy or products [2]. Unlike fossil fuels, biomass fuels do not contribute 
to global warming. The carbon dioxide emitted from the combustion of biomass fuels is 
consumed by the next growing season resulting in no net increase in greenhouse gases. 
Biomass fuels are also abundant globally while the vast majority of the fossil fuel supplies 
are controlled by a relatively small number of countries [3]. 
Typically, economics do not favor direct replacement of fossil fuels with biomass 
fuels. Technologies such as co-firing biomass with coal have been investigated in order to 
incorporate a portion of renewable energy into fossil fuel fired systems while attempting to 
minimize cost. Problems caused by the alkali mineral content in biomass has prevented co-
firing from seeing widespread usage; however, work continues to seek out applications 
where biomass may be favored over fossil fuels. 
One such application where the use of biomass fuels may have added benefit over 
fossil fuels is the use of biomass derived gas as a rebum fuel. Rebuming is a commercially 
available technology used to control emissions of nitrogen oxides [4]. Typically, reburning 
is performed with natural gas, which has a higher cost than coal. This significantly improves 
the economic desirability of utilizing biomass. 
The goal of this research is to investigate producer gas derived from the gasification 
of switchgrass as a rebum fuel. Switchgrass (Panicum vargitum L.) has been identified as a 
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model energy crop by the U.S. Department of Energy's (DOE's) Bioenergy Feedstock 
Development Program [5]. 
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2. BACKGROUND 
2.1 Switchgrass: A Model Energy Crop 
Switchgrass is a warm season perennial grass that has a number of characteristics that 
make it attractive for use as an energy crop. This herbaceous crop can be grown on marginal 
land that is not well suited for other types of production agriculture because of its low water 
and nutrient requirements [ 6]. Switchgrass is native to a large geographic region and high 
yields can be achieved in an area spanning from southeastern United States to Canada [7]. 
Restoration of native habitat is one of the many possible benefits of growing switchgrass. 
Growing switchgrass can halt soil erosion and improve soil quality. Switchgrass also offers 
carbon sequestration beyond the net zero carbon dioxide emissions that are associated with 
energy crops since it is able to restore carbon content in soils that have been depleted over 
generations ofrow cropping [8]. 
2.2 Biomass Co-firing 
Co-firing has been investigated as a potential option to utilize biomass as a source of 
energy [9]. With co-firing, both biomass and coal are combusted simultaneously in a boiler. 
Co-firing allows a portion of energy to come from a sustainable renewable resource without 
causing cost to increase dramatically. Coal boilers are generally well suited for combusting 
biomass fuels such as switchgrass thus initial capitol investment are relatively modest. Since 
the sulfur content of biomass is less than that of coal, co-firing also offers the possibility to 
reduce sulfur emissions [ 1 O]. Some co-firing fuel and boiler configurations have been shown 
to reduce emission of NOx though it may make it more difficult to further reduce NOx by 
coupling other NOx reduction technologies. 
Though the benefits of co-firing are attractive, there are a number of technical hurdles 
that must be overcome before co-firing becomes widespread. Many of the technical hurdles 
with co-firing result from alkali metal (sodium, potassium, calcium) present in biomass. 
These minerals form deposits on internal boiler surfaces including heat transfer surfaces 
causing an overall drop in efficiency with time as well as an increased operational and 
maintenance costs. Ash from coal-fired boilers can typically be sold as a byproduct; 
however, ash co-mingling that result from co-firing renders the ash unmarketable. Typically, 
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biomass is fibrous and low in density, thus significant material handling issues can arise. 
Though biomass is typically milled before being injected into the boiler, the fibrous nature of 
the fuel can still impede performance of nozzles used for injecting coal. The problems with 
co-firing are significant enough that it is felt the future of biomass utilization lies in other 
technologies such as gasification. 
2.3 Compounds of Nitrogen and Oxygen 
The term NOx is used to describe any of the seven compounds of nitrogen and 
oxygen which exist in the atmosphere but most often this term refers to the sum of nitric 
oxide (NO) and nitrogen dioxide (N02) [11]. These nitrogen oxygen compounds have been 
identified as pollutants that play significant roles in a number of adverse environmental 
effects which include acid deposition (leading to acid rain), high nitrate levels in water and 
environmental systems, stratospheric ozone depletion, global warming, water nutrient 
enrichment problems ( eutrophication) and formation of nitrate particles and acid aerosols. 
N02 is also known to react to form trophospheric ozone which leads to the formation of 
smog [12]. 
(Eq. 2.1) 
Evaluating the effects of NOx led to emission regulations under the Clean Air Act 
Amendments (CAAA) of 1990. This legislation required the EPA to establish annual 
allowable limits for coal fired utility boilers [13]. The second phase of implementation for 
the new EPA established NOx emission regulations occurred in December of 1996. Emission 
limitations for the different boiler types are shown below in Table 1. 
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Table 1: NOx Emission Regulations [13] 
Boiler Type Phase II NOx Emission 
Limits (lb/106 Btu) 
Tangentially fired boilers 0.40 
Dry-bottom wall-fired boilers 0.46 
Cell-burner boilers 0.68 
Cyclone boiler (> 15 5 MW e) 0.86 
Wet-bottom wall-fired boilers (>65 MWe) 0.84 
Vertically fired boilers 0.80 
Facilities able to further reduce emissions below these levels are allowed to sell 
credits to those not able to meet these standards thus providing an incentive to reduce 
emissions as low as economically possible. 
2.4 NOx Formation Mechanisms 
A number of methods are able to reduce NOx emissions but most are premised on 
reducing the reaction temperature and/or the availability of oxygen. The concentration of 
NO, the primary NOx species, can range from several hundred to several thousand parts per 
million (ppm) [14]. N02 is commonly generated in the tens of ppm range from combustion 
systems, however, since NO is readily converted to N02 in the atmosphere, the EPA 
regulation considers all NOx to be in the form of N02 for the purpose of reporting and 
regulation. 
The interaction ofNOx in combustion systems has been the subject of extensive 
research for several decades, though complete understanding of the problem continues to 
challenge researchers. Models for NOx formation and destruction contain hundreds of 
elementary reactions and a great number of chemical species. Because of this global 
reactions and simplified mechanisms are most frequently used to explain the interaction of 
NOx. 
Nitrogen oxide arises from three mechanisms: fuel NOx, thermal NOx, or prompt 
NOx. Fuel NOx results from the oxidation of the fuel-bound nitrogen. For modem 
combustion systems combusting solid fuels containing nitrogen (such as coal), fuel NOx 
proves to be the primary source of nitrogen oxides [15]. More than 80% of NO emissions 
from pulverized coal combustion systems originate as organically bound fuel nitrogen. The 
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overall mechanism by which fuel NOx is produced is relatively well understood. A portion 
of fuel bound nitrogen is driven off with the fuel volatiles which, at sufficient temperatures, 
can decay to hydrogen cyanide (HCN). Depending on the temperature and stoichiometry, the 
hydrogen cyanide can be converted to intermediate amines. These intermediates can be 
oxidized or can recombine with other nitrogen containing species (including NO) to form 
molecular nitrogen (N2). The portion of the fuel that remains in the char matrix plays a much 
less significant role in NO formation. The distribution of the fuel bound nitrogen that ends 
up in the volatiles verses that which remains in the char is largely dependent on fuel structure 
and temperature. 
Thermal NOx is the result of oxidation of molecular nitrogen in the post flame region. 
The extended Zeldovich mechanism provides the basic mechanism by which thermal NOx is 
formed: 
(Rxn 1) 
~ 
N+02 NO+O 
+---
(Rxn 2) 
~ 
N+OH NO+H 
+---
(Rxn 3) 
Given the equilibrium reactions 1, 2 and 3, the rate of formation of NO is 
consequently determined by Eq. 2.2. Table 2 shows the equilibrium rate constants for 
process. 
d[NO] 
dt = k+1[0][N2 ]-k_1[NO][N] + k+2 [N][Oi]- k_2 [NO][O] 
+ k+3 [N][OH]-k_3 [NO][H] (Eq. 2.2) 
Table 2: Equilibrium NO rate constants for Eq. 2.2 
Forward(+) 
Reverse(-) 
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Rxn 1 has the greatest influence on the overall rate for the production of NO. This 
reaction occurs rapidly at high temperatures but because of its high activation energy it is 
slow at low temperatures. Rxn 3 has relatively little influence on the overall rate in lean 
combustion conditions because of the lack of OH radicals. Rxn 3 does become more 
significant in fuel rich conditions. 
Prompt NOx is formed from hydrocarbon radicals (CHi) coming into contact with 
molecular nitrogen. 
~ 
CHi+N2 NCN+H 
~ 
(Eq. 2.3) 
The cyano species (NCN) formed in this reaction are able to oxidize to form NO. 
2.5 NOx Reduction Methods 
There are a number of different strategies available for dealing with NOx in 
combustion systems. Most strategies are categorized as either combustion modifications or 
post combustion controls. Combustion modification strategies work by reducing the reaction 
temperature or reducing the availability of oxygen. Reducing the availability of oxygen 
decreases the likelihood of oxidation of nitrogenous species. Often times combustion 
modifications employ both these techniques to increase effectiveness. NOx reduction 
strategies that fall under the combustion modification category include low NOx burners, 
flue gas recirculation, air staging, less excess air, and combustion optimization [2]. 
Two technologies that fall under the post combustion control category include 
selective catalytic reduction (SCR) and selective non-catalytic reduction (SNCR). Selective 
catalytic reduction reduces NOx through the injection of a nitrogen agent such as urea or 
ammonia in combination with a catalyst. Selective non-catalytic reduction also uses 
ammonia or urea which will ionize within a range of temperatures and react to reduce NOx. 
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2.6 Reburning 
Reburing is the NOx control strategy that is the focus of this research which is 
classified as a combustion modification. Reburing is a relatively economical and 
commercially available technology which typically achieves NOx reductions of 35-65%. 
The reburn process employs staged combustion in order to limit the emission ofNOx. In 
rebuming three distinct stages are present; the primary combustion zone, the reburn zone and 
the burnout zone [ 16]. Figure 2 shows a schematic for reburning as it would be applied to a 
coal-fired utility boiler. 
Burnout Zane 
Primary 
Combustion 
Zane 
Primary Fuel and _,. 
Combustion Air -
Figure 1: Schematic of Rebuming 
In the primary combustion zone the majority of fuel is combusted and excess air is present. 
NOx are formed in this stage, the majority of which result from fuel NOx. The fuel injected 
into the rebum zone contributes 10-30% of the total energy input into the system. The excess 
air that remains from the primary combustion zone is consumed in the rebum zone creating a 
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sub-stoichiometric region. The reducing environment created by the fuel rich conditions 
favors the destruction of the NOx generated in the primary combustion zone. Finally, air is 
injected in the burnout zone to complete combustion. Since fuel nitrogen has been converted 
to molecular nitrogen, reformation ofNOx at this stage is due to the thermal NOx 
mechanism; however, lower temperatures assure that this reaction occurs very slowly and 
NOx formation in the burnout zone is typically small. The factors considered most important 
in determining the effectiveness of reburning include: type of fuel, stiochiometric ratio in the 
rebum zone, time, temperature, and the air/fuel ratio in the primary combustion zone [17,18]. 
2. 7 Reh urning Fuels and Mechanisms 
A variety of fuels can be used in the reburning process including solid fuels, such as 
pulverized coal or biomass, liquid fuels, such as fuel oil, or gaseous fuels, such as natural 
gas. Gaseous fuels are most effective because of their high reactivity and can be utilized 
where residence times are often too short for solid or liquid fuels to be used. Exact 
mechanisms for the interaction of nitrogen species in the reburn zone are very complex. 
Computational models of the rebuming process typically consist of hundreds of elementary 
reactions and greater than 60 different chemical species [19, 20]. Because of this, global 
mechanisms are employed to model the rebum process. 
With the traditional reburning fuel methane the dominant NO reduction methods 
involve the reaction of hydrocarbon radicals (CHi) with NO [21]. 
CHi +NO~ HCN + ... where i = 1, 2 or 3 (Eq. 2.4) 
For hydrocarbon rebum fuels other than methane, the dominant NO reduction involves the 
ketenyl radical (HCCO) while the reaction of CHi radicals play a supporting role [22, 23]: 
HCCO +NO ~ HCNO + CO 
HCCO +NO ~ HCN + C02 
(Eq. 2.5) 
(Eq. 2.6) 
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The intermediates HCN and HCNO can take part in a number of reactions, which, under fuel 
rich conditions and high temperatures, are likely to result in the nitrogenous species reducing 
to molecular nitrogen. 
2.8 Gasification/Pyrolysis 
Gasification is the conversion of solid carbonaceous fuels such as coal or biomass 
into a combustible gaseous mixture at high temperatures [1, 24]. In order for the process to 
be self sustaining, a portion of the fuel is oxidized to produce the needed thermal energy. 
The main products of biomass gasification when air is used as the oxidizing agent include the 
gases hydrogen, carbon monoxide, methane, carbon dioxide, nitrogen, water vapor and 
ethylene. This mixture of gases is often referred to as producer gas or syngas. A fraction of 
the product stream is also made up of tars and gasification residue. Fine particles small 
enough to become entrained in the flow of the product stream are called gasification residue. 
Gasification residue is composed mainly of fixed carbon (char) and smaller amounts of 
mineral matter (ash). The term tar is used to describe a variety of condensable hydrocarbons 
present in the product stream. It is been suggested that tar can be represented on an energy 
and compositional basis by aromatic compounds such as benzene and toluene [25]. 
When air is used as the oxidizing agent for gasification, equivalence ratio is the 
parameter that defines the relative level of oxidation. For gasification of solid fuels 
equivalence ratio ( <p) is defined as the actual air to fuel mass ratio (j) over the stiochiometric 
air to fuel mass ratio ifs). 
cp=fl!s (Eq. 2.7) 
Equivalence ratios for gasification can range from 0.20-0.40 [26]. The gasification 
temperature is highly dependent on equivalence ratio since typical gasification systems do 
not use external heat input. This implies that the ratios of various products are largely 
determined by equivalence ratio. Other important parameters for gasification included fuel 
pretreatment, residence time and heat and mass transfer rates. 
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Pyrolysis is another process that can be used for the thermochemical conversion of 
solid biomass into liquid or gaseous products. In many ways pyrolysis is similar to 
gasification, however, unlike gasification, no oxidant is present in biomass pyrolysis. All 
needed thermal energy must be applied externally. Because of this biomass pyrolysis often 
yields end products with greater energy content. 
2.9 Reburning with Biomass 
Some biomass fuels have been shown to be as effective as coal or natural gas in 
reducing NOx emissions [27, 28, 29]. Biomass fuels with low fuel nitrogen content and high 
alkali metal content (most importantly sodium) have been shown to be the most effective. 
Though the ability of biomass to reduce NOx when injected into the rebum zone can make 
biomass more attractive for use in co-firing, it still does not alleviate some of the drawbacks 
of co-firing such as fouling and ash co-mingling. Conversion of biomass through 
gasification provides the opportunity to alleviate the drawbacks associated with co-firing 
while still being able to reap the benefits. Removal of the ash and other particulates can be 
performed before the producer gas is injected into the boiler. Producer gas may also prove to 
be a more effective rebum fuel than solid biomass. 
Gaseous fuels such as producer gas are also more versatile than solid fuels in a rebum 
configuration. Gaseous fuels can react more rapidly than solid particles, which means 
producer gas could be used in boilers where sufficient residence time was not available for 
solid fuel to be utilized in the rebum zone. Gasification as a fuel pretreatment also has the 
potential to simplify material handling issues. The injection of producer gas may be less 
technically challenging than direct injection of biomass. Solid biomass will thermally 
decompose as the temperature increases near the injection point. The decomposed biomass 
has a consistency similar to that of heavy tar and can easily clog injectors. 
As stated earlier, the chemistry for rebuming with homogenous fuels such as methane 
is complex. The products of gasification are heterogeneous in both chemical species and 
phase, which further complicates the chemistry and the ability to point to exact mechanisms 
ofNOx reduction. This being understood the ability of the non-hydrocarbon fuel fraction 
(hydrogen and carbon monoxide) and the gasification residue fraction of producer gas needs 
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to be addressed in order to increase understanding of the overall potential of producer gas as 
a rebum fuel. 
2.10 Non-hydrocarbon fuels 
The ability of hydrocarbon fuels to reduce NOx has already been addressed, however, 
hydrocarbons such as methane, ethylene and tar only account for a portion of the mixtures 
available chemical energy. Non-hydrocarbon fuels such as CO and H2 do have the ability to 
reduce NOx under fuel rich conditions [30]. Reductions ranging from 20-30% have been 
demonstrated using CO and H2 rebum fuels though knowledge of the exact mechanisms 
appears limited. 
In the temperature range where reburing takes place the dominant mechanism of NO 
reduction by hydrogen involve the formation of the intermediate nitroxyl species HNO. 
~ 
H+NO+M HNO+M 
~ 
(Eq. 2.8) 
~ 
HNO+H NH+OH 
~ 
(Eq. 2.9) 
The NH species ultimately reduces to molecular nitrogen. Glarborg et al. [30] has suggested 
that conceivably, the direct reaction of CO with NO may also contribute to removal of NO. 
~ 
CO+NO C02+N 
~ 
(Eq. 2.10) 
2.11 Gasification Residue 
Lignite char from biomass pyrolysis has been demonstrated to be very effective in 
reducing NO, though the origin of the char, preparation history, and presence of oxidants has 
a significant impact on effectiveness [31]. Higher temperature or longer residence time result 
in a char with lower reactivity. It should also be noted that the differences between lignite 
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char and coal char are significant both in composition and the means by which they reduce 
NO. 
Absorption and reaction of NO occurs at the surface of the char. Char by nature is 
very porous and it has very large surface area. The presence of oxidants 0 2 and C02 in the 
rebum zone impedes ability of the lignite char to reduce NO, however, the presence of CO 
enhances the reduction. The rate limiting step for char reducing NO is the reaction of surface 
oxygen to from CO. It is believed that CO removes surface oxygen complexes resulting in a 
greater number of free reaction sites. The ash from gasification residue also acts as a catalyst 
for the removal of the rebuming intermediate HCN increasing the overall reduction of NO. 
2.12 Reburning with Pyrolysis Gas/Producer Gas 
Research performed by Rudiger et al. [32,33] demonstrated the effectiveness of 
gaseous fuels derived from biomass could surpass that of natural gas. Pyrolysis was used for 
conversion of solid biomass into a gaseous mixture. The main parameters identified in this 
work were pyrolysis gas composition and rebum zone conditions (stoichiomerty, 
temperature, and resonance time). Different fuels and pyrolysis temperatures were used to 
establish the influence of gas composition on rebuming effectiveness. Though both these 
parameters were shown to influence composition, rebuming effectiveness was found to be 
more dependent on fuel composition than pyrolysis temperature. In regard to fuel 
composition, the most important parameter was shown to be fuel nitrogen content. It has 
been theorized that the nitrogen, especially that which appears in the tar, has a selective 
reduction effect [32]. Thus, fuels with higher levels of nitrogen were favored. High 
nitrogen fuels were shown to be most effective at slightly fuel rich conditions. Fuels with 
lower nitrogen levels reached their maximum effectiveness at richer conditions. Pyrolysis 
temperature also influences the gas composition. The hydrocarbon content of the pyrolysis 
gas was shown to reach a maximum around 800°C. Production of H2 and CO was found to 
increase with increasing pyrolysis temperature. The best NO reduction results were achieved 
in the temperature range 800°C-900°C though overall pyrolysis temperature was found to 
have only a small influence of on the overall effectiveness of the gas. 
14 
Experimental rebuming work performed with gasification products also demonstrated 
a close tie between rebum effectiveness and nitrogen content of the rebum fuel [34]. Again, 
rebum fuels with high nitrogen content were found to be most effective at slightly fuel rich 
conditions and low nitrogen fuels were found to be most effective at moderately fuel rich 
conditions. A combination of testing and modeling resulted in the theory that reductions as 
high as 70% were achievable with high nitrogen fuels. Relatively high sodium content in the 
biomass was also found to have a positive effect on the rebum effectiveness of a fuel. It 
should be noted that under the parameters of this work switchgrass would be classified as a 
high nitrogen fuel but by comparison has relatively low sodium content. Switchgrass is 
relatively high in the alkali metal potassium, however it has been suggested that potassium in 
biomass exists primarily in an insoluble form and does not exhibit the same catalytic effect in 
rebuming as sodium [34]. 
Fuel bound nitrogen content has been shown to be an important factor in rebum 
effectiveness for gaseous fuels derived from biomass. Therefore, some attention must be 
given to the distribution of fuel bound nitrogen in the products of gasification. Greater than 
90% of fuel bound nitrogen is converted to NH3 and N2 [35]. Small fractions of both HCN 
and NOx also exist in the products. The ratio ofNH3 to N2 is strongly dependent on 
temperature. Higher temperatures result in a greater N2 yields and it is believed that the 
conversion ofNH3 in the gas phase is the primary source ofN2 in the producer gas. 
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3.EXPERIMENTAL APPARATUS AND METHODS 
3.1 Experimental apparatus 
Experiments were carried out using an atmospheric bubbling fluidized bed gasifier 
coupled to a down-fired combustor. The down-fired combustor simulates the flue gas 
conditions for a pulverized coal-fired utility boiler. Natural gas is used as the primary fuel in 
the down-fired combustor. Since natural gas does not generate the same level ofNOx as 
combustion of pulverized coal, ammonia is used to enhance NOx generation in the primary 
combustion zone. The gasifer was sized appropriately so that the entire output of the gasifier 
could be input into the re burn zone of the combustor. A diagram of the overall system is 
shown in Figure 2. 
Producer Gas Inlet Down-Fired 
Combustor Exhaust 
~ 
M. /1. am Samp mg Port 
Figure 2: Experimental Apparatus 
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The larger components of the experimental apparatus are visible in Figure 2. The volumetric 
feeder, high speed injection auger system, gasifier, and down-fired combustor are all 
identified. Other points of interest including the main sampling point, combustor exhaust, 
cyclone and producer gas inlet are also identified. The following sections provide greater 
detail of the components which make up the testing apparatus. 
3.1.1 Gasifier 
The fluidized bed gasifier was fabricated from Inconel 625 because of this nickel 
alloy's superior high temperature characteristics. The gasifier can be divided into three main 
components; the plenum, the bed and the freeboard. A cross section of the gasifier is shown 
in Figure 3. The following subsections describe each of the major components of the 
gasifier. 
Products Outlet ..---:----
Free board 
Fuel Inlet\ 
,,,, Fluidized Bed 
---_Distributer 
Plate 
Air Inlet 
Figure 3: Cross Section of Gasifier 
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3.1.2 Plenum 
The plenum, in combination with the distributor plate, evenly distributes fluidization 
air into the bed media. The distributor plate separates the plenum from the bed. A total of 
14, 0.36 cm (9/64 in) diameter holes are drilled into the distributor plate which provide a 
sufficient pressure drop for the air to be evenly distributed. 
The air coming into the plenum is filtered for particulate and moisture before being 
metered by an Alicat Laminar Mass Flow Controller. The Alicat Laminar Mass Flow 
Controller has a range of 0-150 slpm and an accuracy of 1 % of full scale. The plenum 
section also contains a W atlow (3000 W) star wound heating element which can preheat the 
air up to 260°C (500°F) before entering the bed. 
3.1.3 Fluidized Bed 
During gasification the bed section of the gasifier consists of a well mixed emulsion 
of bed media, air and fuel. The bed rests directly on the distributor plate and extends upward 
approximately 25 cm (10 in). The diameter of the bed is 10 cm (4 in) and the total mass of 
the bed media is typically 2100 g-2000 g. The bed media is made up of approximately 70% 
200-300 µm silica sand and 30% ground quarry limestone. 
The injection of fuel also occurs in the bed section directly above the distributor plate. 
A two stage fuel delivery system consists of a metering stage and an injection stage. The 
initial metering stage of the fuel injection system consists of an Acrison Model 105Z-E 
volumetric feeder. The Acrison feeder performs the roles of fuel hoppering and fuel 
metering through the use of its variable speed motor which was manually calibrated for our 
test. The outlet of the metering auger feeds the second stage of the fuel injection system 
which consists of a high speed auger with a water cooled jacket. The role of this stage is to 
inject the fuel into the bed of the gasifier before allowing for sufficient time and temperature 
for the fuel to decompose. 
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3.1.4 Freeboard 
The freeboard section extends from the top of the fluidized bed to the outlet of the 
reactor. The initial diameter of the freeboard section is the same as the bed 10 cm ( 4 in) 
however at 81 cm (32 in) above the distributor plate the diameter of the freeboard increases 
to 15 cm ( 6 in). This change in diameter is effective in reducing the superficial velocity of 
the producer gas, which causes a portion of the particulate entrained in the gas flow to fall 
out of entrainment. 
3.1.5 Heaters 
The walls of the gasifier are not refractory lined. Instead, heat loss is controlled by 
surrounding the gasification vessel with four sets of W atlow radiant ceramic fiber heaters. 
During gasification, the bed heaters are maintained at temperatures close to the bed 
temperature. By keeping the temperature gradient between the band and heaters low, heat 
loss from the bed is kept small although heat loss from the heaters to the surrounding can be 
significant. The heaters are capable of supplying sufficient energy to the system such that an 
initial combustion period is not necessary to bring the fluidized bed up to gasification 
temperatures. The heaters also allow for semi-independent control of the temperatures in the 
bed and freeboard, thus temperatures are not solely a product of the amount of air and fuel 
input into the system. Table 3 gives the heater specifications. Figure 4 shows the location of 
the heaters on the gasifer system. 
Table 3: Heater Specifications 
Max Power Diameter Height 
Output [W] [cm] [cm] 
Heater 1 3000 7.6 15.2 
Heater 2 2500 12.7 12 
Heater 3 3500 12.7 18 
Heater 4 4200 16.5 18 
Heater 5 4200 16.5 18 
High temperature fiberglass insulation helps to minimize heat loss on the areas of the reactor 
not protected by the guard heaters. 
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Figure 4: Gasifier Heater Diagram 
3.1.6 Instrumentation 
The gasifer is instrumented with a total of eight type K thermocouples that monitor 
temperature. The first thermocouple measures the temperature of the air in the plenum. The 
next four thermocouples are located in the bed of the reactor at heights of 5 cm (2 in), 10 cm 
(4 in), 15 cm (6 in), and 25 cm (10 in). The remaining three thermocouples monitor 
temperature in the freeboard at heights of71 cm (28 in), 137 cm (54 in) and at 198 cm (78 in) 
directly before the outlet of the reactor. Four more thermocouples monitor the surface 
temperatures of the guard heaters. The heaters can be set to maintain a given temperature 
and these thermocouples serve as the input for the PID loop which controls the current to the 
heaters. Two pressure transducers measure the differential pressure across portions of the 
bed and distributor plate. Another pressure transducer is used to measure the absolute 
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pressure in the bed. Data from these pressure transducers is mostly used to diagnose uneven 
fluidization in the bed. 
The system of pipes that connects the outlet of the gasifier to the down-fired 
combustor is heated and insulated. Power controllers ensure that the pipes maintain a 
temperature of 450°C in order to prevent tars from condensing and plugging lines. Two high 
temperature valves allow for the producer gas to be directed through or around the cyclone 
located in between the gasifier and the downdraft combustor. The cyclone removes 
particulates entrained in the gas stream. 
At the top of the cyclone a slip stream of producer gas is drawn to feed the gas 
sampling system. Fine particulates, tar and moisture are removed prior to the gas being 
analyzed by the Varian Micro Gas Chromatography (GC) Model CP-4900 machine, which is 
capable of accurately measuring H2, CO, N1, 02, C02, CH4, and C2H4. Figure 5 shows a 
schematic of the gas conditioning system, which occurs before the gas can be analyzed by the 
GC. The first portion of the sample line is also maintained at 450°C to ensure tar and 
moisture do not condense. The sample flows through a smaller second cyclone and a heated 
quartz fiber thimble filter to remove the fine particulates. The thimble filter manufactured by 
Advantec MPS, Inc. is capable of removing particulates down to 3 µm. 
Following the removal of particulates, two different systems were used to remove the 
tar and moisture. The first system involves using a pressure cooker to reduce the temperature 
of the sample gas to 101°C. Inside the pressure cooker the sample passes through a 6 m 
(20ft) coil of santoprene tubing and then through filter housing packed with glass wool. The 
tar condenses on the wall of the tubing and on the glass wool while the moisture is allowed to 
pass through. The sample then leaves the pressure cooker through a line heated to 110°C to 
assure the moisture does not condense and return to pressure cooker. By knowing the total 
volume of gas that flows though the pressure cooker and the weight change in the santoprene 
tubing, gas wool and filter housing the tar fraction of the producer gas can be quantified. 
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Figure 5: Gas Sampling Apparatus 
At the outlet of the pressure cooker, the gas sample enters two impingers in an ice 
bath that are packed with glass wool. The goal of this stage is to make sure that moisture in 
the producer gas is removed. Any light tars passing through the pressure cooker are removed 
at this point as well. 
The second method of tar sampling and analysis followed a protocol developed by the 
International Energy Agency [36]. It employs a total of 6 impingers. The first four are 
submerged in an ice bath and the last two are submerged in a dry ice/acetone bath which was 
maintained at -75°C. All the impingers are filled with di-methyl-chloride (DCM), a very 
effective organic solvent. As the sample gas passes through the impingers tar and water are 
cooled and condensed. Most of the tar dissolves in the DCM while the water is immiscible. 
The low temperature in the last two inpingers insures that there is no transport of DCM out of 
the system. The solution is then filtered for particulate, decanted of water with the DCM and 
the remaining solution is allowed to evaporate under controlled conditions in a fume hood. 
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This ensures only the tar remains. The weight of the final sample coupled with the 
knowledge of the total amount of gas that passes through the system makes it possible to 
determine the mass average of tar per unit volume of producer gas (g/m3). When not 
quantifying tar, four impingers packed with glass wool and submerged in an ice bath proved 
sufficient for removing both tar and moisture from the gas sample. After tar and moisture 
removal, the gas passes through a vacuum pump and rotameter, which regulates flow rate. 
Finally, the sample passes through a volumetric flow meter which is used to determine the 
total gas flow through the system. 
3.1. 7 Down-Fired Combustor 
The down-fired combustor simulates a pulverized coal-fired utility boiler. The 
primary fuel for the down draft combustor is natural gas, which combusts in a Kromschroder, 
Inc., BIC50 nozzle-mixed burner nominally rated at 35 kW. Combustion is complete by the 
time the products leave the 0.31 m (12 in) long silica carbide burner tube. Since natural gas 
combustion produces significantly less NOx than the combustion of coal, it is necessary to 
inject ammonia gas into the burner to increase NOx levels to a level that would be 
representative of a coal fired boiler. The internal diameter of the reactor is 0.15 m (6 in) and 
the inner walls of the reactor are insulated by 0.23 m (9 in) of high temperature castable 
ceramic. A 9.5 mm (0.38 in) steel shell makes up the outside of the reactor. Injection of the 
producer gas occurs 0.64 m (25 in) from the top of the reactor. 
Four type R thermocouples are used to measure the temperatures inside the down 
draft combustor. The first thermocouple is located 0.06 m (2 in) upstream of the producer 
gas inlet. The next thermocouple is found 1.08 m (47.5 in) down stream of the producer gas 
inlet and the next two thermocouples are spaced 0.38 m (15 in) apart. Sampling ports 
correspond to the location of the three downstream thermocouples and another sampling port 
is located 0.38 m (15 in) downstream of the last thermocouple. Figure 6 shows a back 
isometric view of the combustor with the locations of the thermocouples labeled. 
Com bust or 
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Figure 6: Back View of Down-Fired Combustor 
Products enter the water cooled jacket before they are exhausted. A final sampling port 
exists near the exhaust. This port is the primary port where gas for sampling was extracted. 
The flow rate of air and natural gas are controlled by rotameters and digital flow 
meters are used to monitor flow rates and transmit the flow to the data acquisition system. 
Continuous emission gas analyzers are used to analyze the products of the down-fired 
combustor. Sample flue gas from the combustor passes through a particulate filter, an acid 
mist filter, and a Penna Pure membrane (which is capable of removing water vapor to very 
low dew points) before being analyzed. Three different analyzers are used for continuous 
analysis of the products from the downdraft combustor. A California Analytical, Inc., Model 
1 OOF electrochemical fuel cell analyzer is used to measure the concentration of oxygen. 
Another California Analytical, Inc. instrument, model ZRH-2 non-dispersed infrared 
analyzer, is used to measure the concentrations of carbon dioxide and carbon monoxide. A 
Thermo Environmental Model 42C-HL is used to measure the level ofNOx (NO and N02). 
The Varian Micro GC is also used to analyze the combustion gas products. This serves as a 
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check for the continuous emission monitors and also allows for measurement of higher 
concentrations of carbon monoxide and measurements of hydrogen. 
It should be noted that the down-fired combustor was constructed for fuel lean rebum 
tests where solid biomass is used as the rebum fuel. Fuel lean rebum tests do not require a 
burnout zone like traditional rebum configurations. Limited residence times and system 
geometries did not allow for the addition of over fire air. The limitations that this imposes on 
the data will be discussed later in the results and discussions. 
All data from the continuous emission analyzers, thermocouples, flow meters, and 
pressure transducers for both the downdraft combustor and gasifier are recorded by National 
Instruments data acquisition equipment used in combination with National Instruments 
Lab View software. 
3.2 Experimental Methods 
The ultimate goal of this work is to evaluate the effectiveness of gas derived from the 
gasification of switchgrass as a rebum fuel. Producer gas composition varies with changes in 
the gasification process parameters such as equivalence ratio and temperature, and 
understanding how these changes in gas composition relate to rebum effectiveness is another 
goal of this research. Knowing with confidence the outputs of the gasifer proved to be 
essential in understanding both the composition and amount of the gasification products 
entering the rebum zone of the down-fired combustor. For this reason characterization of the 
newly constructed gasifer became a priority. Characterization of the gasifier involved 
completing a detailed mass and energy balance on the system. 
3.2.1 Mass Balance 
For the mass balance on the gasifier the two primary inputs are fuel (switchgrass) and 
air. Knowing the inputs with confidence is very important when constructing a successful 
mass balance for the system. The laminar mass flow meter used to control the air flow to the 
gasifer has an accuracy of± 1.5 slpm. This places the uncertainty associated with the air 
inlet to the gasifer around 3-4% for the air flow rates typically seen. In order to minimize the 
uncertainty associated with the fuel feed rate, the feeder set point remains unchanged tHough 
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out the duration of a given test. The fuel in the hopper is weighed prior to and directly after 
each test and the information is used to calculate an average fuel feed rate. 
The dry composition of the switchgrass was assumed to be consistent throughout 
testing. Table 3 below shows the composition of switchgrass used for the developed mass 
balance. 
Table 4: Dry Switchgrass Composition 
Mass basis% 
Carbon 44 
Hydrogen 5.2 
Sulfur 0.1 
Oxygen 47 
Nitrogen 0.5 
Ash 3.2 
The switchgrass was processed with a hammer mill down to a particle size of approximately 
1 mm (0.25 in) prior to being loaded into the fuel hopper. Since the moisture content of the 
fuel did vary from 8-12%, the mass balance developed allows for these variations to be 
accounted for. Moisture content of the fuel was determined by heating samples of 
switchgrass to 101°C and holding them there for several hours. The change in weight for the 
sample was determined to be the moisture content. 
The mass outputs for the gasifer are considered to exist in one of four different forms: 
dry producer gas, water vapor, gasification residue and tar. Producer gas accounts for the 
largest output of mass. The Varian CG determines the composition of this gas. The fraction 
of nitrogen present in the producer gas (yN2) is used to determine the overall flow rate of the 
dry producer gas (Qout). The flow of air entering the gasifier (Qair) is known and the 
volumetric fraction of nitrogen is assumed to be 78.08%. Assuming that molecular nitrogen 
does not participate in gasification reactions, the nitrogen can be used as a tracer gas to 
determine the flow of gaseous products from the gasifier: 
Qout = 0.7808 Qair 
YN2 
(Eq. 3.1) 
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Moisture in the producer gas is determined from a hydrogen atom balance. First, it is 
assumed that all moisture initially present in the fuel evaporates and exists as water vapor in 
the producer gas. Secondly, it is recognized that some water vapor will form associated with 
the oxidation of fuel in the gasification process. A hydrogen atom balance is used to 
determine this portion of the moisture generated in the gasification process. Hydrogen from 
the fuel that does not leave as molecular hydrogen, methane or ethylene is assumed to react 
with oxygen to form water vapor. The moisture generated during fuel oxidation is added to 
the value for the fuel bound moisture to yield the total theoretical moisture value. 
Gasification residue is the term given to the particulate matter generated in 
gasification. The amount of gasification residue entrained in the producer gas is quantified 
based on the catch from the cyclone in the main producer gas line. Samples of the 
gasification residue from each test are burned at 850°C in order to determine the mineral 
content from the biomass ash. The lost weight is assumed to be fixed carbon. Tar is the final 
output considered on for the mass balance. The pressure cooker method of tar quantification 
has been discussed previously in the experimental apparatus section. 
3.2.2 Energy Balance 
Selecting appropriate control volume boundaries for the gasifier was the first step in 
developing the energy balance for the gasifier. It was decided that the boundaries should be 
drawn vertically from the distributor plate to the thermocouple located at 0.7lm (28in) above 
the distributor plate. The axial boundary selected corresponds to the 0.102m ( 4in) inner wall 
diameter of the gasifier. Figure 7 shows the location of the control volume used for the 
energy balances. Figure 8 shows the inputs and outputs considered in the energy balance. 
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Figure 7: Location of Control Volume for Gasification Vessel 
A number of factors led to the selection of the location of the vertical boundary at 0.71m 
(28in) above the distributor plate. First, the majority of reactions are expected to occur in the 
bed. Second, temperatures typically reach a maximum at this point. Since the sensible 
energy of the gas is an important quantity in the energy balance, this boundary minimizes 
unaccounted heat loss. Finally, this location also corresponds well to the area of influence 
for heater 2 and heater 3. Estimating heat input and heat loss significantly increases in 
complexity beyond this point. 
The inputs and outputs considered for the energy balance are shown in Figure 8. The 
inputs include the chemical energy in the fuel, the sensible energy in the preheated air and 
the radiant energy from the heaters. Final energy input into the system is the sensible energy 
of the fluidization air which is preheated in the plenum prior to entering the bed. The 
sensible energy in the air accounts for only a small percent of the total energy entering the 
gasifier. The outputs considered for the energy balance are also shown in Figure 8. The 
outputs include the chemical energy in the gas, the sensible energy in the gas, the chemical 
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energy in the tar, the chemical energy in the char, and the energy required to evaporate the 
fuel bound moisture. 
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Figure 8: Energy Balance Inputs and Outputs 
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The amount of chemical energy in the gas is determined by the quantity of each 
gaseous species multiplied by the flow rate. Table 5 shows the chemical energy value given 
to each gaseous species on a standard volumetric basis. 
Table 5: Chemical Energies of Different Producer Gas Species [3 7] 
BTU/scf MJ/mj 
Hydrogen 325 12.11 
Carbon Monoxide 322 12.00 
Carbon Dioxide 0 0 
Methane 1013 37.75 
Ethylene 1614 60.14 
Nitrogen 0 0 
Oxygen 0 0 
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One important parameter related to the amount of energy in the producer gas is cold gas 
efficiency (CGE). CGE is defined as the ratio of chemical energy in the producer gas 
(Eprodgas) to the overall fuel energy input (Efuef). 
E CGE = prodgas 
Efuel 
(Eq. 3.2) 
The value for Eprodgas derives from the chemical energy per volume of the dry producer 
multiplied by the volumetric flow of the dry producer gas. The sensible energy in the 
producer gas is calculated by the summation of the change in specific enthalpy of the 
individual components [38]. 
c 
_P =a+ /JT + yT 2 + OI'3 + &T 4 
R 
h1 -h2 = ~ f (a+ /JT + yT 2 + OI'3 + &T4 )dT Mo 
(Eq. 3.3) 
(Eq. 3.4) 
Where Tis the temperature of the gas in Kelvin and T0 refers to the reference state 298.15 K. 
Eq. 3.3 and Eq. 3.4 are valid from 300-lOOOK. The constants for Eq. 3.3 and Eq. 3.4 are 
shown in Table 6. 
Table 6: Constants for Variation of Specific Heats with Temperature [K] 
a B 103 y 106 8 109 E 1012 
Hydrogen 3.057 2.677 -5.810 5.521 -1.812 
Carbon Monoxide 3.710 -1.619 3.692 -2.032 0.240 
Carbon Dioxide 2.401 8.735 -6.607 2.002 0 
Methane 3.826 -3.979 24.558 -22.733 6.963 
Ethylene 1.426 11.383 7.989 -16.254 6.749 
Nitrogen 3.675 -1.208 2.324 -0.632 -0.226 
Oxygen 3.626 -1.878 7.055 -6.764 2.156 
Water Vapor 4.070 -1.108 4.152 -2.964 0.807 
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Energy content of the non-mineral fraction of gasification residue is assumed to be that of 
solid carbon (37.26x103 kJ/kg ). For the purpose of evaluating the energy content of tar, the 
enthalpy of combustion for benzene ( 42.26xl 03 kJ/kg) was assumed to be representative. 
This assumption is valid since the aromatic compounds which account for the majority of 
species in tar have similar energy content on a mass basis. 
A simplified model was developed in order to estimate the energy contribution of the 
radiant guard heaters. Figure 9 shows a 2 dimensional diagram for the model. 
Inner Wal 
ofGasler 
Figure 9: Top View of Heater Influence Model 
The temperature difference between the heater surface and the inside of the gasifier is used to 
estimate the amount of heat transferred from the heaters to the bed. The electrical power 
supplied to the heaters is also monitored. The majority of thermal energy from the heaters is 
lost to the environment. Only a fraction of the total amount of electrical energy supplied to 
the heaters enters the bed. The transfer of radiant energy from the surface of the heater to 
the inside of the gasifier can be estimated by the following thermal circuit [39]. 
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Figure 10: Thermal Circuit for Estimated Heater Input into the Gasifier 
The emissivity of the heater is assumed to be 0.9. Values for the emissivity of Inconel can 
vary greatly depending on surface conditions, thus a value of 0.5 was assumed. After these 
assumptions were made a value for hrad could be calculated which in necessary for achieving 
the ultimate goal of estimating heat transfer into the gasifier (qrad). The set of equations 
necessary to accomplish this are listed below. 
(Theater - Tgasifier ) 
qrad = R 
tot 
(Eq. 3.5) 
where 
In( rgasifier _out J 
1 rgasifier in 1 
Rtot = + - + ------
hgasifier * Agasifier _in 2 * 1r * kinconel * Z hrad * Agasifier _out 
(Eq. 3.6) 
and 
h = a(T~sifier + Th!ater )(Tgasifier + Theater) 
~ ( J _1 _ + 1 - & heater r gasifier_ ID 
& wall & heater rheater 
(Eq. 3.7) 
The thermal conductivity for Inconel (kincone1) is known from the supplier to be 21.3 W/m-K 
for the temperatures seen in operation. The value used for the gasifier heat transfer 
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coefficient (hgasifier) depends on the vertical location. For the fluid bed a heat transfer 
coefficient of 150W/m2-K was assumed for hgasifier seen in Eq. 3.6. This value is consistent 
with the range of heat transfer coefficients seen in a bubbling fluidized bed [ 40]. For the 
freeboard section directly above the bed a heat transfer coefficient of 10W/m2-K was 
assumed for hgasifier· This value is consistent with other gases such as air in the process 
temperature range [3 8]. 
3.2.3 NOx Reduction Methodology 
The goal of the NOx reduction portion of this research is to examine the effects of 
several parameters on the ability of switchgrass derived producer gas to reduce NOx in 
reburning. One parameter to be investigated is the effect of raw energy input into the rebum 
zone. Greater energy input in the rebum zone correlates to lower stiochiometric ratios and 
more fuel rich conditions. It is known that for different fuels, different stiochiometric ratios 
in the rebum zone are favored. Another parameter to be investigated is the effect of 
gasification residue addition/removal. It has already been mentioned that lignite char from 
gasification residue has the ability to reduce NOx [31]. The addition of gasification residue 
increases the overall energy input into the rebum zone, but may also have added benefits for 
reducing NOx beyond its energy contribution because of its mineral content or its large 
reaction surface area. Finally, gasification conditions will also be manipulated in an attempt 
to understand how variations in the composition of the producer gas affects rebum 
effectiveness. The gasification process conditions that are to be examined include 
temperature and equivalence ratio. 
A mass balance was also developed for the down-fired combustor. This allowed the 
level ofNOx to be characterized on a mass basis ensuring that reduction rather than dilution 
was responsible for the change in NOx level. All NOx readings are reported in the 
standardized units of lb/MMBtu. The inputs for the mass balance on the combustor include 
air and natural gas from the primary zone as well as the products from the gasifier. 
Gasification residue can be included or removed from the inlet of the rebum zone. When the 
cyclone is bypassed, gasification residue is included as an input to the combustor. The 
measured output of the combustor mass balance includes nitrogen, carbon dioxide, hydrogen, 
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carbon monoxide, oxygen and, of course, NOx. Similar to the gasifier mass balance, flow is 
determined using a nitrogen balance. Known quantities of nitrogen enter with the producer 
gas and the air in the primary combustion zone. The portion of nitrogen in the exit can 
therefore be used to determine flow. Also, similar to gasifier mass balance, water vapor is 
determined from a hydrogen atom balance. 
Pre and post tests baselines were established for each test. The combustor was 
operated under similar conditions for all tests. Oxygen levels in the combustor at the 
beginning of each test ranged from approximately 3.0-3.2%. Initial NOx levels were set at 
600-630 ppm which corresponds to approximately 0.680-0.700 lb/MMBtu. Several hours 
could pass between pre and post baseline testing. This could result in drift of the oxygen and 
NOx readings, though this was generally less that 0.3% for the oxygen and 50 ppm for the 
NOx. Pre and post test baseline NOx levels are averaged to establish the baseline that NOx 
reduction is evaluated against. 
The NOx ppm value for each operating condition results from the average of 30-90 
minutes of a steady state condition. The NOx reduction data is recorded ever 10 seconds, 
thus hundreds of data points are recorded for each condition. The error associated with the 
mean can be estimated by the following equation [ 41]. The mean values, X , are represented 
with uncertainty analysis based on 95% confidence intervals. 
- a 
X±l.96 JN (Eq. 3.8) 
Where in the standard deviation of the sample is used to estimate the standard deviation of 
the population (cr). The large sample size (N) assures that the error associated with the mean 
is small. 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 
4.1 Experimental Data Set 
Results from 17 tests are included in the analysis of this work to determine the 
effectiveness of switchgrass derived producer gas as a rebum fuel. A summary of the 
gasification conditions and the NOx reduction data can be seen in Table 7. Full and detailed 
test summaries for all tests are located in Appendix A. 
Table 7: Test Table 
Gasification Conditions Without Gasification Residue With Gasification Residue 
Test Temp Equivalence Reburn Zone NOx Reduction Reburn Zone NOx Reduction 
[OC] Ratio Energy Input 
[%] lb/MMBtu 
Energy Input 
[%] lb/MMBtu [%] [%] 
1 628 0.31 14.4 33.38 0.479 16.4 55.35 0.321 
2 706 0.35 16.8 28.75 0.487 18.1 44.26 0.381 
3 704 0.32 17.4 56.11 0.332 19.3 67.35 0.247 
4 701 0.30 17.9 48.46 0.344 19.8 61.95 0.254 
5 711 0.32 18.2 59.74 0.282 20.3 72.16 0.195 
6 798 0.35 19.2 29.77 0.480 20.7 48.65 0.351 
7 620 0.29 19.7 64.63 0.246 22.9 77.14 0.159 
8 705 0.30 19.7 68.98 0.223 22.1 74.27 0.185 
9 797 0.32 21.0 49.24 0.384 22.4 64.31 0.270 
10 797 0.32 21.5 68.88 0.218 23.4 73.30 0.187 
11 792 0.30 21.6 50.11 0.333 23.7 53.86 0.308 
12 791 0.30 21.8 61.61 0.276 23.7 66.06 0.244 
13 706 0.28 22.5 73.32 0.175 25.1 82.62 0.114 
14 700 0.26 23.9 65.51 0.233 27.9 78.68 0.144 
15 704 0.25 23.9 72.58 0.191 26.8 80.62 0.135 
16 792 0.25 25.6 75.59 0.170 27.9 82.91 0.119 
17 787 0.26 28.4 80.46 0.132 30.7 82.68 0.117 
These data are presented in order of ascending fractional energy injected into the combustor 
as rebum fuel. Reburn zone energy input is solely a function of the energy contained in the 
gasification products. The conditions in the primary combustion zone of the combustor 
remain relatively constant for all tests. As the energy input into the rebum zone increases, 
the fraction of energy attributed to the rebum zone and the overall firing rate of the down-
fired combustor increase. 
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4.2 Mass and Energy Balance 
The mass and energy balance developed for the gasifier proved useful in accounting 
for the mass and energy entering and exiting the gasifer. For the mass balance, deviations 
from unity were generally less than 5%, while for the energy balance deviations from unity 
were generally less than 15%. Figure 11 shows the mass and energy balance closures for all 
tests in this study. 
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Figure 11 : Mass and Energy Balance Closure 
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Test 13 has been selected as a representative test in order to discuss mass and energy 
balance results in greater detail. Table 8 shows the mass balance for test 13. The complete 
set of mass and energy balance calculations for test 13 can be found in Appendix B. 
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Table 8: Mass Balance for Test 13 
Producer Gas (dry) 5.05 89.3 
Water Vapor 0.31 5.5 
Gasification Residue 0.23 4.0 
Tar 0.07 1.2 
Total 5.65 100.0 
As mentioned previously, the mass inputs into the gasifer are air and fuel 
(switchgrass). The mass outputs are producer gas, water vapor, gasification residue and tar. 
Dry producer gas consistently accounts for greater than 80% of the mass exiting the reactor. 
The water vapor fraction varied most significantly. Values ranged from a few percent to ,....,12 
wt.%. The value for water is determined theoretically and this variation may be due to the 
limitation of the hydrogen atom balance to accurately account for the water produced in 
gasification. 
Values for gasification residue varied from 2.5-6 wt.% of the mass exiting the reactor. 
Samples of the gasification residue were heated to 850°C for each test in order to determine 
the mineral fraction of the gasification residue. The average weight change of the 
gasification residue is 49% and varied from 43% to 59%. The fraction of mass driven off by 
ashing the samples is assumed to be fixed carbon. Complete results for these ashing tests can 
be seen in Appendix C. 
Tar measurements were not successfully completed for all tests. The primary tar 
collection method, the pressure cooker method, was still being evaluated and refined during 
testing. A total of 6 tar measurements were made representing the range of gasification 
conditions seen during testing. This data set allowed for estimation of the tar values for all 
other tests. Recent work has shown that repeatability is within 10% for the pressure cooker 
tar determination method. 
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Tar loading proved to be dependent on both temperature and equivalence ratio. Tar 
proved to be the smallest considered mass fraction of products exiting the reactor making up 
only 1 %-3%. Results of the tar quantification testing are shown in Figure 12. 
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Figure 12: Tar Quantification Data 
The inputs considered in the energy balance are the chemical energy in the fuel, the 
energy input from the heaters and the sensible energy in the preheated air. The outputs of the 
energy balance are chemical energy in the producer gas, sensible energy in the products, 
evaporation of fuel bound moisture, chemical energy in the gasification residue and chemical 
energy in the tar. The energy balance results for test 13 are shown in Table 9. 
For all tests the chemical energy in the fuel accounts for greater than 90% of the 
energy entering the gasifer. The estimated energy input from the radiant heaters was found 
to be less than 10% for nearly all cases, which is appropriate for their function as guard 
heaters. Sensible energy in the preheated air entering the reactor is never more than a few 
percent. 
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Table 9: Energy Balance for Test 13 
Fuel (Switchgrass) 12.19 93.6 
Heater In ut 0.62 4.8 
Sensible Energy in Air 0.21 1.6 
Producer Gas 9.01 72.7 
Sensible Energy 1.37 11.1 
Evaporation of Fuel Bound H20 0.02 0.2 
Gasification Residue 1.12 9.0 
Tar 0.87 7.0 
Total 12.39 100.0 
Examination of the data in Appendix B shows that the chemical energy in the 
producer gas makes up the largest portion of energy exiting the reactor. The chemical energy 
exiting the reactor accounted for 60-80% of the total energy exiting the reactor. The sensible 
energy of producer gas accounts for 10-14%. Only a small fraction of energy, 0.2-1.5%, is 
attributed to the evaporation of the fuel bound moisture. The chemical energy in gasification 
residue makes up 6-13% of the energy in the products. Though tar makes up only a small 
fraction of the mass exiting the reactor, its high energy content assures that it plays a more 
significant role in the energy balance. Tar makes up 3.5-17% of the total energy in the 
products. 
The variation in energy balance closure proved significant enough that process 
conditions were examined in an effort to account for the variability. Temperature difference 
between the radiant heater surfaces and the bed proved to be correlated to the energy balance 
closure. As the temperature difference increased between the heater surfaces and the bed, 
energy balance closure increased. Though the energy balance is dependent on the mass 
balance, no relation is apparent between mass balance closure and the temperature difference 
between the heater surfaces and the bed. Figure 13 shows both mass and energy balance 
closure as a function of the temperature difference between the heater surfaces and the bed. 
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Figure 13: Mass and Energy Balance Closure vs. ~ T between Heaters and Bed 
The relationship between the temperature difference of the heaters surfaces and bed 
temperature to energy balance closure suggests that the effectiveness of the guard heaters to 
guard against heat loss fluctuates based on this temperature gradient. No term for heat loss 
from the gasifier is included in the energy balance and at smaller temperature gradients more 
heat loss from the bed occurs. Since high temperature gradients between the heater surfaces 
and the bed result in energy balance closures greater than unity, it is possible that the 
developed heater influence model slightly underestimates the actual influence of the heaters 
for these conditions. 
4.3 Variations of the Products of Gasification 
Understanding the variations that occur in the gasifier product stream is important for 
both the gasifier characterization and NOx reduction topics addressed in this work. It has 
already been noted that temperature and equivalence ratio play an important role in tar 
loading. These parameters also greatly influence producer gas composition. Figure 14 
shows the change in hydrogen and carbon monoxide as temperature increases. Figure 15 
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shows the change in the concentration of volatile hydrocarbon fractions, methane and 
ethylene, with increasing temperature. 
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Figure 14 shows that the fraction of both hydrogen and carbon monoxide increase as 
temperature increases. Work done by Rudiger et al. [32] indicates that the hydrocarbon 
fraction of biomass derived gas is influenced by temperature and reaches a maximum at 
moderately high temperatures. This appears to be supported by the data collected for this 
study. The shape of the plot in Figure 15 suggests that at conditions near 700°C the gaseous 
hydrocarbon fuel fraction reaches a maximum. Though methane and ethylene account for 
the majority of the hydrocarbon fraction present in the producer gas other higher order 
hydrocarbons exist in quantities less than 0.5%. These higher hydrocarbons were not 
identified during testing. As temperature increases the behavior of these species should be 
similar to the behavior of methane and ethylene. The increase in the concentrations of 
hydrogen and carbon monoxide seem to be attributed to the conversion of tar and other 
hydrocarbons as temperature increases. The data collected in this study does not indicate that 
changes in temperature affect the mass flow rate of char from gasification residue. The data 
for gasification residue rate with temperature can be seen in Figure 16. 
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Equivalence ratio also plays an important role in gas composition. Figure 17 shows 
the concentration of hydrogen and carbon monoxide as the equivalence ratio changes. 
Decreasing the equivalence ratio appears to increase the fraction of carbon monoxide in the 
products, though the effect of equivalence ratio on hydrogen is not obvious. Increasing the 
equivalence ratio also decreases the hydrocarbon fuel fraction. Figure 18 shows the effect of 
changing the equivalence ratio on methane and ethylene. 
Char in the gasification residue is affected by equivalence ratio. Char decreases as 
equivalence ratio increases. Figure 19 shows the relation of char and equivalence ratio. For 
this graph, char is the mass fraction driven off when samples are heated to 850°C. One 
would expect the rate of char accumulation to increase as fuel flow rate increases, thus char 
is given as a mass percent of the fuel flow rate to normalize this effect. 
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4.4 NOx Reduction Results 
The first parameter investigated in the NOx reduction portion of this research is the 
effect of energy input into the rebum zone. Figure 20 shows NOx reduction plotted with the 
percent of energy input into the rebum zone. NOx Reduction Percent (8) is calculated by 
using the test baseline average ( y ), the pretest baseline average (a), and the post test baseline 
average (~). The values for y, a, and ~ are all in lb(NOx)/MMBtu. 
8 = (1-y)/( a-~) (Eq. 4.1) 
For each for the 17 different operating conditions two points are present on this 
graph. The first series label "No Residue" refers to the operating condition where the 
cyclone is used to remove the majority of gasification residue between the gasifier and down-
fired combustor. The second series labeled "With Residue" refers to the condition where the 
cyclone is bypassed and all the gasification residue is allowed to enter the down-fired 
combustor. The error bars associated with the "No Residue" and "With Residue" data series 
are generated by estimating the error associated with the mean. Since the error differs from 
point to point, the maximum error for each data series is used. For the "No Residue" series 
the maximum error is 1.5 relative percent and for the "With Residue" series the maximum 
error is 2.5 relative percent. 
It is apparent that increasing the energy input generally results in a greater reduction 
ofNOx. At low energy inputs the slope of the reduction curve appears relatively steep while 
at higher energy inputs the curve begins to flatten as 90% reduction is approached. Returns 
on the addition of more fuel in the rebum zone begin to diminish as the amount of fuel in the 
rebum zone increases. Once reductions surpass 80% there seems to be little advantage in 
adding more fuel to the rebum zone. 
90 
80 
"'O 70 
~ 
:::I 
~ 60 
a::: 
~ 50 
z 
~ 0 
40 
30 
20 
10 
45 
15 20 25 
% Energy Input into the Reburn Zone 
30 35 
•No Residue 
x With Residue 
Figure 20: NOx Reduction vs. Energy Input into the Reburn Zone 
Typically, the amount of energy in the reburn zone is the parameter which has the 
greatest influence on NOx reduction [17, 18]. The effect of energy input into the reburn zone 
is evident in this series of tests. Ultimately, this parameter is important because it relates to 
stoichiometry in the reburn zone. The stoichiometric ratio decreases as more fuel enters the 
reburn zone ensuring less available oxygen to react with nitrogenous species. As the amount 
of fuel increases in the oxygen deficient zone more radicals such as HCCO and HCN are 
available to react with and deform NO. 
Due to the preexisting configuration of the down-fired combustor, the effect of the 
final stage of the reburning process, the burnout zone, was not able to be examined for this 
series of tests. Only assumptions can be made about how the presence of the burnout zone 
would affect the overall NOx emission levels. The lower temperature in the burnout zone 
typically ensures that NOx reformation is limited, however the concentration of the 
nitrogenous species and the amount of over-fire air used are also important factors. 
Reductions in the reburn zone must be balanced with reformation in the burnout zone. 
Lower stoichiometric ratios in the reburn zone allow more opportunity for reformation to 
occur in the burnout zone. 
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Reburning studies typically show a maximum at a given energy input into the reburn 
zone. Lissianski et al. [34] and Rudiger et al. [32, 33] both found that reduction maximums 
were achieved at relatively low energy inputs, on the order of 10%, for gases derived from 
biomass with nitrogen levels similar to switchgrass. High reductions were not seen at low 
energy input for the data collected in this study. This disparity can most likely be accounted 
for by the behavior of the nitrogenous species derived from the biomass in the burnout zone. 
Lissianski et al. [34] has theorized that these nitrogenous species may have a selective 
reduction effect. Selective reduction of NOx occurs when species such as ammonia are 
present in the burnout zone. At higher energy input levels, the corresponding higher levels of 
nitrogenous species begin to have a negative impact on overall NOx reduction. This being 
known, it should also be noted that conditions such as residence time and temperature in the 
reburn zone, and temperature and over-fire air in the burnout zone, could have a great deal of 
influence on the overall NOx emission levels. Sufficient residence time and temperature in 
the rebum zone should cause a decrease the levels of nitrogenous species such as ammonia. 
It may be possible that a given system could be tuned to either take advantage of the selective 
reduction effect or eliminate the effect of the nitrogenous species in the burnout zone. 
The data in Figure 20 also gives some insight into the effect of adding gasification 
residue to the rebum zone. The "No Residue" and "With Residue" data series are intermixed 
suggesting no clear advantage for the addition of gasification residue. ''No Residue" and 
"With Residue" points of comparable energy input appear to reduce NOx at similar rates. 
Figure 21 contains the same NOx reduction data as Figure 20 however the "No Residue" and 
"With Residue" points for each test are paired together. Examination of Figure 21 appears to 
indicate that the addition of gasification residue does enhance NOx reduction, however, 
addition of gasification residue corresponds to an increase in energy into the reburn zone. 
Knowing this, the reduction enhancement of the gasification residue appears primarily to be a 
result of the added energy in the reburn zone. 
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For a commercial application where the products of switchgrass gasification would be 
used as a reburn fuel, the gasification residue would most likely be removed by a cyclone or 
filter. This would prevent the alkali metals in the gasification residue from causing fouling 
or ash co-mingling. For this reason, it is important to understand the role gasification residue 
plays in NOx reduction. Results demonstrate that removal of the majority of the gasification 
residue through the use of a cyclone still leaves the producer gas able to reduce NOx at 
comparable levels on an energy basis. Knowing this adds to the attractiveness of this 
process. 
The effect of variation in the gasification products on NOx reduction is the final 
parameter investigated in this work. Again, the four main gaseous fuel components 
hydrogen, carbon monoxide, methane and ethylene are examined. It has already been shown 
that the total energy input into the rebum zone is strongly related to NOx reduction, thus it is 
necessary to examine compositional effects in a way that will not be skewed by the effect of 
total energy input into the rebum zone. To accomplish this, the fractional energy 
contributions of the individual gaseous fuel components are examined. The energy from 
each fuel component is divided by the total energy in the gaseous mixture to arrive at the 
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fractional energy contribution. Figures 22-25 show NOx reduction as a function of the 
fractional energy contribution of each of the major gaseous fuels. 
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Figure 25: NOx Reduction vs. Energy from Ethylene 
No trends emerge form the plots in Figures 22-25. This suggests that the compositional 
variations do not greatly influence the NOx reducing ability of the producer gas. If perhaps 
the fractional energy contribution of methane and ethylene proved to be good predictors of 
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NOx reducing ability, it may have been possible to state that changing the fraction of 
hydrocarbons could alter the effectiveness. However, it is evident that this is not the case. 
Altering gasifier operating conditions did yield significant variations in gas composition, but 
the NOx reducing ability of the gas was not affected. 
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5. CONCLUSIONS 
The products of switchgrass gasification have been investigated for use as a reburn 
fuel. Application of this technology would allow renewable biomass energy to be 
incorporated into existing coal-fired boilers and ultimately reduce the use of non-renewable 
fossil fuels. Conversion of the biomass through gasification offers advantages over direct co-
firing. Minerals such as alkali metals which accumulate on boiler surfaces and make the coal 
ash unusable can be removed through the use of cyclones or filters. Using gasification as a 
fuel pretreatment also increases the economic attractiveness of using biomass. Direct co-
firing requires biomass to compete directly with inexpensive coal. Demonstrating that 
producer gas derived from switchgrass is an effective reburn fuel allows biomass to compete 
with the traditional reburn fuel natural gas. Natural gas is more costly than coal and is also 
more subject to relatively sudden price changes. 
Characterization of the newly constructed gasifier was the first phase of the testing 
process and led to the development of a mass and energy balance for the system. The mass 
and energy balance constructed for this series oftest proved relatively accurate and useful, 
ultimately improving confidence in the data collected. Closures for the mass balance 
generally deviated from unity by less than 5%. Closures for the energy balance generally 
deviated from unity by less than 15% and variations could mostly be accounted for. 
Producer gas derived from switchgrass has been proven an effective reburn fuel. 
Reductions as high as 80% have been achieved under relatively rich reburn zone conditions. 
The energy input into the reburn zone has been identified as the primary factor which 
determines the rate of reduction. Using a cyclone to remove gasification residue generally 
results in a decrease in the ability of the gasification products to reduce NOx. This appears to 
be primarily attributed to the removal of the chemical energy in the gasification residue. "No 
Residue" and "With Residue" product streams of similar energy input reduce NOx at similar 
levels. Results also suggest that compositional variations in producer gas do not produce 
variations in the effectiveness of the re burn fuel. 
The effect of the addition of a burnout zone is left somewhat undetermined. In theory 
reburn zone and burnout zone parameters could able be manipulated in order to achieve the 
desired effect. Future work in this area should focus on this parameter. For future work 
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involving the fluidized bed gasifier in 1056 Black Engineering, modifications to the gasifier 
fuel feeding system should also be done in order to increase control over the fuel feed rate 
and stability. This was a hurdle in a number of tests and failed tests. 
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APPENDIX A. MASS AND ENERGY BALANCE CALCULATIONS 
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1056 Black Engineering Gasification/Combustor Mass and Energy Balance 
Pre-constants 
MMBTU := I0
6
·BTU 
joule 
Rg := 8.314--
mol·K 
Molecular Weights 
Mch4 := 16· gm 
mol 
gm 
Mco2==44·-
mol 
M :=32 gm 
s mol 
gm 
M 2 :=28·-n mol 
gm 
Meo :=28·-
mol 
gm 
Mc2h4:= 28 -
mol 
Gasifier Opperating Conditions 
. liter 
Auino== 43.8-. 
mm 
BTU 
Hfuel := 7300--
lb 
Yn2_gc := .4457 
Yn2 atm:=.7808 
. (Yn2 atmJ vprod_gas := AtrinG -
Yn2_gc 
Illfuel_dry := Illfuer( 1 - fuelh20) 
Producer Gas Composition 
xti.2 := 0.1098 
~2 := 0.00 
~2 := Yn2_gc 
~h4 := 0.05737 
~o := 0.1796 
~02 := 0.1715 
gm 
M =1-prod_gas mol 
gm 
M 2 :=32·-o mol 
gm 
Mno :=30.-
mol 
Mh2o := 18· gm 
mol 
gm 
Mno2:=46·-
mol 
lb fuelh2o := 0.012 
Illfuel := 5.7-
hr 
P := l·atm T := 298-K 
Egin = 12.195kW 
Illfuel h2o := IBruer fuelh2o 
~2h4 := 0.0232 
section 1 
gm 
M :=12·-
c mol 
gm 
Mh2:=2·-
mol 
section 2 
section 3 
1%ir_gas := 
p. AirinG Mair 
R ·T g 
~as_in := 1%ir_gas + 11\uel 
59 
lb 
1%ir_gas = 1 hr 
lb 
~as_in = 1 hr 
kg 
1%ir _gas = 1 hr 
liter 
vprod gas = 1 -. 
- mm 
gm 
1%har := 3.759-. 
mm 
gm 
11\ar := vprod_gas · 16.063 cchar := 0.529 
1%ir_gas 
nair_gas := 
Mair 
nair_gas = 1 
Switchgrass Composition (1 lb assumed) 
1%_sg := 0.44 
mii2_sg := 0.052 
111s_sg := 0.001 
1%2_sg := 0.47 
nn2_sg := 0.005 
1%sh _ sg := 0.032 
Tlfuel dry 
ydoth2 sg := °'12 sg · -
- - Mh2 
Tlfuel dry 
ydot s sg := ll1s sg . -
- - Ms 
Tlfuel_dry 
ydot o2 sg := 1%2 sg · 
- - Mo2 
Tlfuel_dry 
ydotn2 sg := 11\i2 sg · 
- - Mn2 
tlfuel_ash := 11\uerIDash_sg 
ll\;g := ~_sg + tnii2_sg + 111s_sg + mo2_sg + 11\i2_sg 
Produce Gas Molar Flow Rates (dry) 
P·vprod gas ·Mprod gas 
~rod_gas := - R ·T -
g 
lb 
~rod _gas = 1 hr 
~rod_gas 
nprod gas := 
- Mprod_gas 
nprod _gas = 1 
m 
section 4 
ydotc_sg = 1 
ydoth2_sg = 1 
ydots_sg = 1 
ydot02_sg = 1 
ydotn2_sg = 1 
lb 
tlfuel ash = 1 -h - r 
ll\;g =I 
section 5 
60 
nc2h4 := ~2h4"nprod_gas 
Determination of H20 in the producer gas (based on an atomic H balance) 
Water from fuel bound moisture 
lb 
1'11fuel_h2o = 1 hr 
nh2o_prod_gas = 1 
1'11fuel h2o 
nh2o_prod_gas .-
Mh2o 
Water produced by gasification 
Available Hydrogen In 
ydoth2_sg = 1 
Producer gas components containing hydrogen 
nh2o_produced := ydoth2_sg - (%2 + 2·nch4 + 2·nc2h4) 
nc2h4 = 1 
nh2o_produced = 1 
tnii2o_produced := nh2o_produced ·Mh2o 
lb 
tnii2o_produced = 1 -hr 
tnii2o _pg := 1'11fuel_ h2o + tnii2o _produced 
Carbon Balance on Gasifier 
ydotc_sg = 1 
1%har·Cchar 
nc char:= 
Titar 
nc tar:= --
- Mc 
cout_gas := nco + nco2 + nch4 + 2·nc2h4 + nc_char + nc_tar 
cout_gas 
cratio _gas := ydot 
c_sg cratio_gas = 
1 
nc char= 1 
nc tar= 1 
cout_gas = 1 
section 6 
section 7 
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cout_gas_pg := nco + nco2 + nch4 + 2·nc2h4 
cout_gas_pg 
c . ·=-----
rat10 _pg · ydot 
c_sg 
cratio_pg = 1 
cbal_gas := ydotc_sg - cout_gas 
cbal_gas = 1 
Unaccounted for Carbon 
Cunacc := I - cratio _gas Cunacc =I 
ydotc_sg = 1 
ll1c unacc = 1 
Oxygen Balance on Gasifier section 8 
ydot 02_sg = 1 nair_gas = 1 
no2_gas := O.ll·nair_gas no2_gas = 1 
02out_gas := ( nco2 + O.S.nco + O.S.nh2o_produced) 02out_gas = 1 
02out_gas 
02bal gas := 
- no2_gas + ydoto2_sg 02bal_gas = 1 
Summation of Gasifer Products 
lb 
ll1char = • hr 
lb 
ll\ar = • hr 
ll]>rod_total := ll]>rod_gas + ll1char + ll\ar + Inti2o_pg 
ll]>rod _total 
Il\atio gas := 
- Illgas_in 
section 9 
lb 
ll]>rod _total = 1 hr 
Il\atio_gas = 1 
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Determination of Producer Gas Heating Value 
BTU 
Hh2 := xti2·vprod_gas ·325-
3
-
ft 
BTU 
Ho2 := Xa2"vprod_gas ·0-
3
-
ft 
BTU 
8n2 := Xa.2·vprod_gas ·0-
3
-
ft 
BTU 
Hch4 := ~h4"vprod_gas · 1013-3-
ft 
section 10 
BTU 
Hco := ~o·vprod_gas ·322-
3
-
ft 
BTU 
Hco2 := ~02·vprod_gas ·0-
3
-
ft 
BTU 
Hc2h4 := ~2h4"vprod_gas · l 6 l4-
3
-
ft 
Powerprod_gas = 1 kW 
Powerprod gas 
CGE:= - CGE=1 
Powerprod gas 
PG HY:= -
vprod_gas 
Combustor Operating Conditions 
liter liter 
vch4 := 57.35-. vair:= 597.27--. 
mm mm 
Mass flow rate of methane and air, respectively 
P·vch4"Mch4 
1%h4 := R ·T 
g 
lb 
1%h4 =I -
hr 
Total mass flow rate through reactor (inputs) 
Il\otal := 1%h4 + IDair + ll]Jrod_gas + Il\ar + 111h2o_pg 
Egin 
Heating values of methane and producer gas, respectively 
joule 
Hch4 := 890800--mol 
Hch4 
Powerbumer := 1%h4·--
Mch4 
BTU 
PG HV=1--
- 3 
ft 
lb 
Il\otal = 1 hr 
section 11 
lb 
IDair = • hr 
Powerbumer = 1 
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Total power input 
Power:= Powerburner + Powerprod_gas 
Primary Combustion Zone Stoichiometry 
~h4 
nch4 burner := -M 
- ch4 
nch4 burner = 1 
11\iir 
nair_burner := ~ 
au 
nair burner = 1 
nair_excess_primary := nair_burner - 9·52·nch4_burner 
nair_excess_primary· 100 
nair excess_percent := n + n 
- air burner ch4 burner - -
Flue Gas Analysis 
section 12 
Power= 1 kW 
nco2_primary := nch4_burner 
nh2o_primary := 2·nch4_burner 
nair _excess _primary = 1 
nair _excess _percent = 1 
Note: Value for nair_excess_percent does 
not match what is seen when baseline 
tests are performed. Calculated here 
purely for comparison. 
section 13 
Measured mole fractions of NO, CO, C02, and 02 (dry basis) 
Yno := 0.00017185 Yco2 := 0.12 Yo2 := 0.0 
Yh2 tlue:=.015 Yeo:= 0.02 
Actual Flow Rate Through Reactor 
Yn2 flue:= 0.82 vtlue := 
1 
{-780( Vair) + ~1·( vprod_gas )] 
Yn2_tlue 
liter 
v =·-flue min 
liter 
v =1-
no min 
lb 
11\io = • hr 
NOx Emission Annalysis 
Mass NO emitted per unit of energy input 
ll\io 
NOemission := --
Power 
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Final mass of N02 emitted per unit of energy input 
Mno2 
N02emission := --·NOemission 
Mno 
Estimation of the flue gas mass flowrates 
Water Vapor Produced in the Primary Combustion Zone 
section 14 
lb 
N02 · · =1---
em1ss10n MMBTU 
section 15 
vh2o_primary := 2·v ch4 
P·vh2o_primary·Mh2o 
II1fi2o _primary := R . T 
g 
lb 
II1fi2o _primary = 1 hr 
Water Vapor in Flue Gas 
II1fi2o _flue := II1fi2o _primary + II1fi2o _pg 
Exit Gasses (N2, C02, CO, H2, NO) 
liter 
vn2 flue= 1 -. 
- mm 
v o2 flue:= Y 02·v flue 
liter 
vo2 flue= 1 -. 
- mm 
liter 
vco2 flue= 1 -. 
- mm 
liter 
vno flue= 1 -. 
- mm 
lb 
1%2 fl =I -- ue hr 
lb 
Tito2 _flue = 1 hr 
lb 
II1fi2o _flue = 1 hr 
v co_flue := Y co ·v flue 
liter 
v =1-
co_flue min 
section 16 
vh2 flue:= Yh2 flue·vflue 
- -
65 
lb 
~o_flue = 1 hr 
lb 
1%2_flue = 1 hr 
lb 
Il\io_flue = 1 hr 
lb 
lllJ-i2 flue = 1 -h - r 
ll\otal flue := lllJ-i2o flue + nn2 flue + ~o2 flue + 1%2 flue + lllJ-i2 flue + ~o flue + Il\io flue - - - - - - - -
lb 
ll\otal = 1 hr 
ll\otal flue 
II\atio comb := -
ll\otal 
lb 
ll\otal flue = 1 -h - r 
II\atio comb = 1 
Energy Input into the Gasifier from the Electric Heaters section 17 
I l := 0.08846 12 := 0.5690 13 := 0.3130 14 := 0.2522 15 := 0.2046 
wh1 :=3oow V1 :=208V hhl := 6in 
w h2 := 250CM' dh2 := 5.2Sn v2 := 208V hh2 := 12in A2 := 7tdh2·hh2 
.2 
A2 =1m 
wh3 := 3sow dh3 := 5.2Sn v3 :=480V hh3 := 18in A3 := 7tdh3·hh3 
w h4 := 420CM' dh4 := 6.5in v4 :=480V hh4 := 18in A4 := 7tdh4-hh4 
wh5 := 420<M' dh5 := 6.5in v5 :=480V hh5 := 18in As := 7tdh5·hh5 
%1 := Wh1 ·11 %2 := Wh2·12 %3 :=Wh3·l3 %4 := Wh4·l4 %5 := Wh5·l5 
%1 =I %2 =I %3 =I %4 =I %5 =I 
h1 set:= (500+ 459.67)R h2 set:= (1390+ 459.67)R h3 set := (1390+ 459.67)R 
h4 set:= (1390+ 459.67)R h5 set:= (1390+ 459.67)R Tbed ave := (1302.06+ 459.67)R 
zbed := lOin zh3 := 18in Tpg5 := (1303.45+ 459.67)R 
66 
Gason := 4.25in GasID := 4in rb := 2.125.n 
Th := 2.624in 
w 
hbed := 150--
2 
m·K 
w 
hpg := 1 ().-2 -
m·K 
w 
~neon == 2l.3-
mK 
cr.( Tbed_ave 2 + h2_se/}(Tbed_ave + h2_set) 
hrad2 := -----------------
_1 +~·(Tb) 
w 
hrad2 = i --
2 m·K 
Ebw Eh Th 
Abed out := 7tGasoD'2bed Abed out = 1 
Abed in= 1 
Estimated Heat entering the bed from the heaters. 
(h2 set - T bed ave) 
qrad2 := - -
~otH2 
qrad2 = 1 
In( r~ut J 
1 rm 
~otH3 := + + 
hpg ·A bed_ in 27t~ncon · zh3 hrad3 ·A bed out 
~otH3 
qrad3 = 1 
w 
hrad3 = i --
2 
m·K 
rout := 2.125.n 
rin := 2in 
Heater 2 Output Compared to the Estimated Heat Input Into the Bed 
Powerprod _gas = 1 Egin =I 
section 18 
qrad2 
Heate12 ratio:= --
- %2 
qrad3 
Heate13 ratio := --
- %3 
67 
Heate12_ratio = I 
Heater3 _ratio = 1 
Cold Gas Efficency with Heater Input Accounted For section 19 
Powerprod _gas 
CGEh input:= 
- Egin + qrad2 
Note: Whenever the value for the CGEli_input is 
greater that the CGE this implies that the direction 
of the heat flow is out of the bed thus the 
CGEh_input number can be neglected. 
Sensible Energy in the Incoming Air 
Empirical constants for air Cp calcs (Shapiro): 
a := 3.653 p := -0.7428 y:= 1.017 8 := -0.328 E := 0.02632 
sensible_heat_air:= mair_gas·Llliai~T, h1_set) 
sensible_heat_air= 1 
Sensible Energy in Producer Gas At 28" (after Heater 3) 
Empirical constants for H2 Cp calcs (Shapiro): 
8H2 := 0.947 EH2 := -0.1726 
T 
&H2{T ,T pgs) = RH2J pgs "H2 + (~H210- 3) G) + (rH2 10-6) G)2 + ( 0H21 o-9) Gf + (,H2 10- 12) G) 4 dT 
T 
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AfiH2( T , T pgS) = I :g 
Empirical constants for 02 Cp calcs (Shapiro): 
Empirical constants for N2 Cp calcs (Shapiro): 
Empirical constants for air CH4 calcs (Shapiro): 
acH4 := 3.826 J3cH4 := -2.211 YcH4 := 7.58 8cH4 := -3.898 EcH4 := 0.6633 
T 
""cH4(r ,Tpg5) '= RcH4J pgS aCH4 + (PCH •. 10- 3)(~) + (rcH4 10- 6) G)2 + (.CH4"10-9)G)3 + (,CH4"10- 12)G)4 dT 
T 
Empirical constants for CO Cp calcs (Shapiro): 
J3 co:= -1.009 Yeo := 1.14 oco := -0.348 i::co := 0.0229 
T 
""co(r. rpgs) '= RcoJ pgs aco + (Pco I0-
3)G) + (rc0-I0- 6){:)
2 
+ (•co ·I0-
9)G)3 + (,co.J0- 12){:)4 ar 
T 
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Empirical constants for C02 Cp calcs (Shapiro): 
ac02 := 2.401 Pc02 := 4.853 Yco2 := -2.039 
T 
""c02(T. Tpgs) ,, Rc02 J pgs [ "c02 + (Pco2 .10-3) { f) + (rc02·10-6) { f )2 + ( •c02·l 0-9) { f )3 + (•co2·l 0- 12) { f) 4] dT 
T 
Empirical constants for air C2H4 calcs (Shapiro): 
ac2H4 := 1.426 Pc2H4 := 6.324 Yc2H4 := 2.466 lic2H4 := -2.787 EC2H4 := 0.6429 
T 
""c2H4(T. T pgs) ,, Rc2H4 J pg5 "C2H4 + (PC2H4'10-3) { f) + (,C2H4'10-6) { f )2 + ( •ciH4' l 0-9) {ff+ (.C2H4'10- 12) { f) 4 dT 
T 
Empirical constants for H20 (vapor) Cp calcs (Shapiro): 
EH2Q := 0.0769 
T 
""H2o(T ,Tpgs) ,, RH2oJ pg5 "H2o+ (PH20'10-3){f) + (,H20'10-6){f )
1 
+ (.H2o·I0-9){f)
3 
+ (.H20·10-l 2){ff dT 
T 
1%o2_pg := nco2·Mco2 
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l),g_h2:=111h2_pg·AhHi{T, Tpg5) 
l),g_o2:=1%2_pg·Ahoi{T, Tpgs) 
l),g_n2:=1%2_pg·AhN2(T, Tpgs) 
l),g_ch4 := l%h4_pg·AhcH4(T, Tpg5) 
l),g_co := l%o_pg ·Ahco(T, Tpgs) 
l),g_co2:=1%o2_pg·Ahcoi(T, Tpgs) 
l),g_ h2o := 111h2o _pg. AhH2o( T • T pg5) 
l),g_h2 =I 
l),g_o2 =I 
l),g_n2 =I 
l),g_ch4 =I 
l),g_co = 1 
l),g_co2 = 1 
l),g_ c2h4 = I 
l),g_h2o =I 
l),g_tot := l),g_h2 + l),g_o2 + l),g_n2 + l),g_co + l),g_co2 + l),g_ch4 + l),g_c2h4 + l),g_h2o 
l),g_tot =I 
Heat of vaporization of H20 Heating up water from 25C to 1 OOC 
Ilfuel h2o = 1 
3 J 
h:r:g h2ov := 2400 10 -- kg 
Total Energy In Gasifier 
Fuel 
Egin = • 
Total 
3 J 
h25 h2o := I 04.8910 -- kg 
3 J 
h 100 h2o := 419.0410 ·-- kg 
Hfg := Ilfuel_h2o·hfg_h2ov + [ Ilfuel_h2o·{h1oo_h2o - h2s_h20)] 
section 20 
Heaters Air 
Heater _input := qrad2 + qrad3 sensible_heat_air = 1 
Heater_ input = 1 
Sn_gas := Egin + sensible_heat_air + Heater_input 
Sn_gas = 1 
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Energy Outputs 
Chemical Energy in Producer Gas Sensible Energy in Producer Gas 
Powerprod _gas = 1 f1,g_tot =I 
Eout_gas := Powerprod_gas + f1,g_tot + Hfg 
Eout_gas = 1 
Energy in Char 
7 J 
He char:= 3.27610 -
- kg 
J 
cp char m := 7o9--
- kg·K 
11\;har = 1 
Eout_char := Cchar'Il\;har·Hc_char + Hchar 
Unaccounted for Char 
Eout char = 1 
mchar 
11\;har ratio := --
- Illfuel 
11\;har ratio = 1 
11\; unacc = 1 ~nacc c := 11\; unacc ·He char ~nacc c = 1 
Energy in Tar 
7 J 
He tar:= 4.22610 -
- kg 
Powerprod gas + Eout tar 
Rebumratio := - -
Power 
Summation of Outputs 
- - -
Eout tar= 1 W 
Rebumratio = 1 
Eout_total := Eout_gas + Eout_char + Eout_tar + Hfg 
Eout total = 1 
Energy OuUIN Ratio 
Eout total 
Eg_ratio := -
~n_gas 
Energy OuUIN Ratio 
Powerprod _gas + Eout char + Eout tar 
Rebumratio char := - -
Power 
Eg_ratio = 1 
Rebumratio char = 1 
E . ·= Eout_total + ~nacc_c 
g_rat1o_unacc · 
~n_gas Eg_ratio_unacc = 1 
Summary of Inputs and Outputs 
Gasifier opperating conditions 
Mass Input 
. liter 
AtrinG= I-. 
mm 
kg 
11\iir _gas = 1 hr 
kg 
trk 1=•----me hr 
kg 
~as_in = 1 hr 
Volumetric Flow (dry tar/char free) 
liter 
vprod gas = 1 -. 
- mm 
Mass Outputs 
kg 
rtprod _gas = 1 hr 
kg 
lllJi.2o_pg = • hr 
kg 
1%har = • hr 
kg 
Il\ar = • hr 
kg 
rtprod _total = 1 hr 
(dry tar/car free) 
(theoretical) 
(estimate) 
Ratio Mass in/Mass out (Gasifier) 
11\atio_gas = 1 
cratio _gas = 1 
cratio_pg = 1 
02bal_gas = 1 
1%har ratio = 1 
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section 21 
Combustor opperating conditions 
Mass Inputs 
kg 
11\iir = • hr 
kg 
1%h4 =I hr 
kg 
rtprod _gas = 1 hr 
kg 
lllJi.2o_pg =I hr 
kg 
Il\ar = • hr 
kg 
Il\otal = 1 hr 
Mass Outputs 
kg 
Il\i2 flue = 1 -h - r 
kg 
lllJi.20 flue = 1 -h - r 
kg 
1%02 _flue = 1 hr 
kg 
lllJi.2 flue= 1 -h - r 
kg 
1%o_flue = 1 hr 
kg 
Il\io_flue = 1 hr 
kg 
Il\otal flue = 1 -h - r 
Ratio Mass in/Mass out (Combustor) 
11\atio comb = 1 
Producer Gas Composition 
Xfl2 = I ~02 =I 
Xa2 =I ~h4 =I 
~1=• ~2h4 =I 
~O =I 
Gas Heating Value 
BTU 
PG HV=1--
- 3 
ft 
Tbed ave = 1 K 
Energy Balance Gasifier 
Energy In 
Egin = • 
Heater_input = 1 
sensible_heat_air = 1 
Sn_gas = 1 
Energy Out 
Powerprod_gas = 1 kW 
8pg_tot =I 
Hfg =I 
Eout char = 1 
Eout tar = 1 
Cold Gas Efficiency 
CGE=1 
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Flue Gas Composition 
Yn2 flue= 1 Yco2 = 1 
Yo2 =I Yeo=• 
Yb2 flue= 1 
Yno = • 
NO emissions 
lb 
N02emission = 1 
MMBTU 
Powerburner = 1 kW 
Power= 1 kW 
Heater Data 
h1 set = 1 
h2 set = 1 
h3 set = 1 
h4 set = 1 
h5 set = 1 
qrad2 = 1 
Heater2 ratio = 1 
Reburn Ratio 
Reburnratio = 1 
Reburnratio char = 1 
qrad3 = 1 
Heater3 _ratio = 1 
Eg_ratio = 1 
Eg_ratio_unacc = 1 
8pg_tot =I 
Cold Gas Efficiency (w/heater output) 
CGfh_input = 1 
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APPENDIX B. DETAILED EXPERIMENTAL DATA SET 
75 
Test 1 
Temp 628 oc Reburn Ratio 14.4 % 
Eq. Ratio 0.305 Reburn Ratio (Residue) 16.4 % 
CGE 45.9 % 
Gasifier Mass Balance CGE (w/Heater Input) 45.6 % 
Fuel in 2.13 kg/hr 
Air in 2.82 kg/hr NOx emissions 0.479 lb/MMBTU 
Mass In 4.95 lb/hr NOx emissions (Residue) 0.321 lb/MMBTU 
Producer gas 3.97 kg/hr Pre-Baseline 0.719 lb/MMBTU 
Water vapor 0.56 kg/hr Post-Baseline 0.719 lb/MMBTU 
Residue 0.15 kg/hr Pre-Baseline 0 2 3.15 % 
Tar 0.09 kg/hr Post-Baseline 0 2 3.66 % 
Mass Out 4.77 ks!/hr 
MoutlMin (gasifier) 0.964 Gasifier Volumetric Flow 56.96 slpm 
Gas Heating Value 130.6 BTU/scf 
Gasifier Energy Balance 
Fuel 10.06 kW Producer Gas 
Heater Input 0.09 kW H2 6.8 % 
Sensible Energy (air) 0.19 kW 02 0.0 % 
Energy In 10.34 kW N2 54.6 % 
Producer Gas 4.62 kW CH4 4.4 % 
Sensible Energy (gas) 0.99 kW co 14.4 % 
Fuel bound moisture 0.02 kW C02 18.0 % 
Char in Residue 0.81 kW C2H4 1.1 % 
Tar 1.01 kW GC Closure 99.3 % 
Ener2y Out 7.45 kW 
EoutlEin (2asifier) 0.721 Flue Gas Composition 
N2 85.9 % 
Combustor Mass Balance 02 0.0 % 
Air 42.25 kg/hr co 1.1 % 
Natural Gas 2.24 kg/hr C02 1.17 % 
Input from Gasifier 4.62 kg/hr H2 0.9 % 
Mass In 49.11 kg/hr GC Closure 99.6 % 
N2 34.17 kg/hr 
C02 7.33 kg/hr Set (°F) I(%) w Estimated Input 
co 0.45 kg/hr Heater 1 500 8.6 258 
H20 5.59 kg/hr Heater 2 1175 25.6 640 79.3 
H2 0.03 kg/hr Heater 3 1175 17.3 605 7.3 
Mass Out 47.57 ki?/hr Heater 4 1175 17.3 726 
MoutlMin (Combustor) 0.969 Heater 5 1175 14.6 612 
Carbon Balance 0.892 Out/In Fuel 
Carbon Balance Prod Gas 0.705 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 7.1 % Feeder Post Weight 34.8 lb 
Residue Weight Change 57.4 % Time 3.25 hr 
Oxygen Balance 0.98 Out/In Flowrate 4.68 lb/hr 
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Test 2 
Temp 706 oc Reburn Ratio 16.8 % 
Eq. Ratio 0.349 Reburn Ratio (Residue) 18.1 % 
CGE 73.3 % 
Gasifier Mass Balance CGE (w/Heater Input) 70.2 % 
Fuel in 1.86 kg/hr 
Air in 2.82 kg/hr NOx emissions 0.487 lb/MMBTU 
Mass In 4.67 lb/hr NOx emissions (Residue) 0.381 lb/MMBTU 
Producer gas 4.26 kg/hr Pre-Baseline 0.728 lb/MMBTU 
Water vapor 0.28 kg/hr Post-Baseline 0.639 lb/MMBTU 
Residue 0.13 kg/hr Pre-Baseline 0 2 3.07 % 
Tar 0.04 kg/hr Post-Baseline 0 2 3.36 % 
Mass Out 4.71 Im/hr 
MoutlMin ( e:asifier) 1.099 Gasifier Volumetric Flow 63.58 slpm 
Gas Heating Value 162.4 BTU/scf 
Gasifier Enerey Balance 
Fuel 8.75 kW Producer Gas 
Heater Input 0.41 kW H2 10.6 % 
Sensible Energy (air) 0.19 kW 02 0.0 % 
Enerey In 9.35 kW N2 48.9 % 
Producer Gas 6.41 kW CH4 4.9 % 
Sensible Energy (gas) 1.14 kW co 15.4 % 
Fuel bound moisture 0.11 kW C02 17.8 % 
Char in Residue 0.52 kW C2H4 1.8 % 
Tar 0.51 kW GC Closure 99.4 % 
Enerey Out 8.70 kW 
EoutlEin (easifier) 0.931 Flue Gas Composition 
N2 88.3 % 
Combustor Mass Balance 02 0.0 % 
Air 43.05 kg/hr co 0.5 % 
Natural Gas 2.25 kg/hr C02 12.3 % 
Input from Gasifier 4.58 kg/hr H2 0.3 % 
Mass In 49.88 ke/hr GC Closure 101.4 % 
N2 34.78 kg/hr 
C02 7.59 kg/hr Set (°F) I(%) w Estimated Input 
co 0.22 kg/hr Heater 1 500 8.2 247 
H20 5.33 kg/hr Heater 2 1360 44.1 1103 384 
H2 0.01 kg/hr Heater 3 1360 27.2 951 24.6 
Mass Out 47.93 ke/hr Heater 4 1360 23.8 998 
MoutlMin (Combustor) 0.961 Heater 5 1360 20.6 863 
Carbon Balance 1.17 Out/In Fuel 
Carbon Balance Prod Gas 1.04 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 7.2 % Feeder Post Weight 26.8 lb 
Residue Weight Change 41 % Time 5.67 hr 
Oxygen Balance 0.95 Out/In Flow Rate 4.09 lb/hr 
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Test3 
Temp 704 oc Reburn Ratio 17.3 % 
Eq. Ratio 0.319 Reburn Ratio (Residue) 19.3 % 
CGE 67.4 % 
Gasifier Mass Balance CGE (w/Heater Input) 64.5 % 
Fuel in 2.09 kg/hr 
Air in 2.89 kg/hr NOx emissions 0.332 lb/MMBTU 
Mass In 4.98 lb/hr NOx emissions (Residue) 0.247 lb/MMBTU 
Producer gas 4.38 kg/hr Pre-Baseline 0.737 lb/MMBTU 
Water vapor 0.32 kg/hr Post-Baseline 0.776 lb/MMBTU 
Residue 0.17 kg/hr Pre-Baseline 0 2 2.95 % 
Tar 0.05 kg/hr Post-Baseline 0 2 2.48 % 
Mass Out 4.91 k!?/hr 
MoutlMio (easifier) 0.986 Gasifier Volumetric Flow 64.04 slpm 
Gas Heating Value 167.1 BTU/scf 
Gasifier Ener2y Balance 
Fuel 9.86 kW Producer Gas 
Heater Input 0.47 kW H2 9.4 % 
Sensible Energy (air) 0.19 kW 02 0.0 % 
Energy In 10.52 kW N2 49.7 % 
Producer Gas 6.65 kW CH4 5.2 % 
Sensible Energy (gas) 1.18 kW co 16.0 % 
Fuel bound moisture 0.02 kW C02 17.9 % 
Char in Residue 0.82 kW C2H4 2.0 % 
Tar 0.54 kW GC Closure 100.2 % 
Enerey Out 9.20 kW 
EoutfEin (2asifier) 0.874 Flue Gas Composition 
N2 87.4 % 
Combustor Mass Balance 02 0.4 % 
Air 42.9 kg/hr co 1.2 % 
Natural Gas 2.25 kg/hr C02 12.0 % 
Input from Gasifier 4.74 kg/hr H2 0.9 % 
Mass In 49.90 kg/hr GC Closure 101.8 % 
N2 34.71 kg/hr 
C02 7.50 kg/hr Set (°F) I(%) w Estimated Input 
co 0.48 kg/hr Heater 1 500 9.1 273 
H20 5.39 kg/hr Heater 2 1365 46.8 1171 438 
H2 0.03 kg/hr Heater 3 1365 25.6 895 28.5 
Mass Out 48.11 kg/hr Heater 4 1365 23.9 1003 
MoutlMio (Combustor) 0.964 Heater 5 1365 20.2 850 
Carbon Balance 1.04 Out/In Fuel 
Carbon Balance Prod Gas 0.983 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 7.9 % Feeder Post Weight 17.7 lb 
Residue Weight Change 52.7 % Time 7.0 hr 
Oxygen Balance 0.95 Out/In Flow Rate 4.61 lb/hr 
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Test4 
Temp 701 oc Reburn Ratio 17.8 % 
Eq. Ratio 0.298 Reburn Ratio (Residue) 19.8 % 
CGE 68.7 % 
Gasifier Mass Balance CGE (w/Heater Input) 65.2 % 
Fuel in 2.13 kg/hr 
Air in 2.82 kg/hr NOx emissions 0.344 lb/MMBTU 
Mass In 4.95 lb/hr NOx emissions (Residue) 0.254 lb/MMBTU 
Producer gas 4.20 kg/hr Pre-Baseline 0.670 lb/MMBTU 
Water vapor 0.31 kg/hr Post-Baseline 0.665 lb/MMBTU 
Residue 0.18 kg/hr Pre-Baseline 0 2 3.20 % 
Tar 0.05 kg/hr Post-Baseline 0 2 3.77 % 
Mass Out 4.73 ke/hr 
MoutlMin (easifier) 0.956 Gasifier Volumetric Flow 64.5 slpm 
Gas Heating Value 172.5 BTU/scf 
Gasifier Enerey Balance 
Fuel 10.06 kW Producer Gas 
Heater Input 0.58 kW H2 10.4 % 
Sensible Energy (air) 0.19 kW 02 0.0 % 
Enerey In 10.83 kW N2 48.2 % 
Producer Gas 6.91 kW CH4 5.4 % 
Sensible Energy (gas) 1.14 kW co 17.1 % 
Fuel bound moisture 0.02 kW C02 15.2 % 
Char in Residue 0.82 kW C2H4 1.8 % 
Tar 0.54 kW GC Closure 98.1 % 
Energy Out 9.44 kW 
EoutlEin (gasifier) 0.872 Flue Gas Composition 
N2 85.7 % 
Combustor Mass Balance 02 0.0 % 
Air 43.01 kg/hr co 1.2 % 
Natural Gas 2.26 kg/hr C02 11.9 % 
Input from Gasifier 4.55 kg/hr H2 0.9 % 
Mass In 49.82 ke/hr GC Closure 99.7 % 
N2 34.74 kg/hr 
C02 7.58 kg/hr Set (°F) I(% w Estimated Input 
co 0.50 kg/hr Heater 1 500 8.1 244 
H20 5.39 kg/hr Heater 2 1375 51.2 1280 543 
H2 0.26 kg/hr Heater 3 1375 29.0 1015 35.9 
Mass Out 48.47 kg/hr Heater 4 1375 24.2 1017 
MoutlMin (Combustor) 0.973 Heater 5 1375 20.3 854 
Carbon Balance 0.992 Out/In Fuel 
Carbon Balance Prod Gas 0.848 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 8.4 % Feeder Post Weight 21.6 lb 
Residue Weight Change 49.1 % Time 5.93 hr 
Oxygen Balance 0.88 Out/In Flow Rate 4.79 lb/hr 
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Test 5 
Temp 711 oc Reburn Ratio 18.2 % 
Eq. Ratio 0.32 Reburn Ratio (Residue) 20.3 % 
CGE 70.6 % 
Gasifier Mass Balance CGE (w/Heater Input) 67.7 % 
Fuel in 2.10 kg/hr 
Air in 2.97 kg/hr NOx emissions 0.282 lb/MMBTU 
Mass In 5.07 lb/hr NOx emissions (Residue) 0.195 lb/MMBTU 
Producer gas 4.55 kg/hr Pre-Baseline 0.717 lb/MMBTU 
Water vapor 0.36 kg/hr Post-Baseline 0.684 lb/MMBTU 
Residue 0.17 kg/hr Pre-Baseline 0 2 3.02 % 
Tar 0.05 kg/hr Post-Baseline 0 2 2.50 % 
Mass Out 5.13 kt!/hr 
MoutlMio (gasifier) 1.010 Gasifier Volumetric Flow 69.2 slpm 
Gas Heating Value 162.8 BTU/scf 
Gasifier Energy Balance 
Fuel 9.92 kW Producer Gas 
Heater Input 0.45 kW H2 10.6 % 
Sensible Energy (air) 0.20 kW 02 0.0 % 
Energy In 10.56 kW N2 47.4 % 
Producer Gas 7.00 kW CH4 4.6 % 
Sensible Energy (gas) 1.26 kW co 16.1 % 
Fuel bound moisture 0.13 kW C02 17.1 % 
Char in Residue 0.87 kW C2H4 1.8 % 
Tar 0.59 kW GC Closure 97.6 % 
Energy Out 9.84 kW 
EoutlEio (gasifier) 0.931 Flue Gas Composition 
N2 81.4 % 
Combustor Mass Balance 02 0.0 % 
Air 43.58 kg/hr co 1.2 % 
Natural Gas 2.24 kg/hr C02 12.1 % 
Input from Gasifier 4.95 kg/hr H2 0.8 % 
Mass In 50.78 kt!/hr GC Closure 95.5 % 
N2 35.30 kg/hr 
C02 8.24 kg/hr Set (°F) I(%) w Estimated Input 
co 0.54 kg/hr Heater 1 500 8.8 263 
H20 5.41 kg/hr Heater 2 1375 46.7 1168 423.4 
H2 0.02 kg/hr Heater 3 1375 30.4 1064 26.7 
Mass Out 49.50 kg/hr Heater4 1375 24.7 1038 
MoutlMio (Combustor) 0.975 Heater 5 1375 20.6 857 
Carbon Balance 1.17 Out/In Fuel 
Carbon Balance Prod Gas 0.997 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 8.2 % Feeder Post Weight 25.2 lb 
Residue Weight Change 53.7 % Time 5.35 hr 
Oxygen Balance 95 .8 Out/In Flowrate 4.37 lb/hr 
80 
Test 6 
Temp 789 oc Reburn Ratio 19.2 % 
Eq. Ratio 0.349 Reburn Ratio (Residue) 20.7 % 
CGE 88.4 % 
Gasifier Mass Balance CGE (w/Heater Input) 82.6 % 
Fuel in 1.86 kg/hr 
Air in 2.82 kg/hr NOx emissions 0.480 lb/MMBTU 
Mass In 4.67 lb/hr NOx emissions (Residue) 0.351 lb/MMBTU 
Producer gas 4.42 kg/hr Pre-Baseline 0.728 lb/MMBTU 
Water vapor 0.13 kg/hr Post-Baseline 0.639 lb/MMBTU 
Residue 0.13 kg/hr Pre-Baseline 0 2 3.07 % 
Tar 0.04 kg/hr Post-Baseline 0 2 3.36 % 
Mass Out 4.72 ki!/hr 
MoutlMin (gasifier) 1.010 Gasifier Volumetric Flow 70.01 slpm 
Gas Heating Value 177.9 BTU/scf 
Gasifier Energy Balance 
Fuel 8.75 kW Producer Gas 
Heater Input 0.65 kW H2 15.0 % 
Sensible Energy (air) 0.19 kW 02 0.0 % 
Energy In 9.59 kW N2 44.4 % 
Producer Gas 7.73 kW CH4 4.2 % 
Sensible Energy (gas) 1.33 kW co 19.3 % 
Fuel bound moisture 0.11 kW C02 14.8 % 
Char in Residue 0.62 kW C2H4 1.5 % 
Tar 0.42 kW GC Closure 99.2 % 
Energy Out 10.22 kW 
EoutlEin (gasifier) 1.066 Flue Gas Composition 
N2 87.6 % 
Combustor Mass Balance 02 0.0 % 
Air 43.09 kg/hr co 0.9 % 
Natural Gas 2.24 kg/hr C02 12.1 % 
Input from Gasifier 4.58 kg/hr H2 0.5 % 
Mass In 49.91 kg/hr GC Closure 101.1 % 
N2 34.8 kg/hr 
C02 7.58 kg/hr Set (°F) I(%) w Estimated Input 
co 0.35 kg/hr Heater 1 500 7.3 218 
H20 5.17 kg/hr Heater 2 1560 71.3 1781 607 
H2 0.01 kg/hr Heater 3 1560 45.5 1593 40.0 
Mass Out 47.91 kg/hr Heater 4 1560 0.0 0 
MoutlMin (Combustor) 0.960 Heater 5 1560 41.1 1728 
Carbon Balance 1.27 Out/In Fuel 
Carbon Balance Prod Gas 1.24 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 7.2 % Feeder Post Weight 26.8 lb 
Residue Weight Change 49.1 % Time 5.67 hr 
Oxygen Balance 0.91 Out/In Flowr Rate 4.09 lb/hr 
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Test 7 
Temp 620 oc Reburn Ratio 19.7 % 
Eq. Ratio 0.286 Reburn Ratio (Residue) 22.9 % 
CGE 53.8 % 
Gasifier Mass Balance CGE (w/Heater Input) 52.3 % 
Fuel in 2.48 kg/hr 
Air in 3.10 kg/hr NOx emissions 0.246 lb/MMBTU 
Mass In 5.58 lb/hr NOx emissions (Residue) 0.159 lb/MMBTU 
Producer gas 4.68 kg/hr Pre-Baseline 0.692 lb/MMBTU 
Water vapor 0.63 kg/hr Post-Baseline 0.699 lb/MMBTU 
Residue 0.26 kg/hr Pre-Baseline 0 2 3.24 % 
Tar 0.15 kg/hr Post-Baseline 0 2 3.77 % 
Mass Out 5.72 kf!/hr 
Mou/Mio (2asifier) 1.025 Gasifier Volumetric Flow 68.0 slpm 
Gas Heating Value 149.1 BTU/scf 
Gasifier Ener2y Balance 
Fuel 11.70 kW Producer Gas 
Heater Input 0.36 kW H2 5.6 % 
Sensible Energy (air) 0.211 kW 02 0.0 % 
Ener2y In 12.27 kW N2 50.3 % 
Producer Gas 6.29 kW CH4 5.6 % 
Sensible Energy (gas) 1.14 kW co 17.4 % 
Fuel bound moisture 0.02 kW C02 17.7 % 
Char in Residue 1.31 kW C2H4 1.6 % 
Tar 1.80 kW GC Closure 98.2 % 
Ener2y Out 10.56 kW 
EoutlEio (2asifier) 0.861 Flue Gas Composition 
N2 84.8 % 
Combustor Mass Balance 02 0.0 % 
Air 43.22 kg/hr co 12.1 % 
Natural Gas 2.25 kg/hr C02 2.1 % 
Input from Gasifier 5.46 kg/hr H2 1.5 % 
Mass In 50.93 ki!:/hr GC Closure 100.5 % 
N2 34.45 kg/hr 
C02 7.70 kg/hr Set (°F) I(%) w Estimated Input 
co 0.87 kg/hr Heater 1 500 9.2 275 
H20 5.69 kg/hr Heater 2 1200 34.8 870 341 
H2 0.04 kg/hr Heater 3 1200 21.4 748 22.6 
Mass Out 48.74 k!!:/hr Heater 4 1200 19.0 796 
MoutlMio (Combustor) 0.957 Heater 5 1200 14.9 628 
Carbon Balance 1.07 Out/In Fuel 
Carbon Balance Prod Gas 0.80 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 10.4 % Feeder Post Weight 29.5 lb 
Residue Weight Change 54.8 % Time 3.75 hr 
Oxygen Balance 1.03 Out/In Flow Rate 5.47 lb/hr 
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Test 8 
Temp 791 oc Reburn Ratio 19.7 % 
Eq. Ratio 0.30 Reburn Ratio (Residue) 22.1 % 
CGE 73.6 % 
Gasifier Mass Balance CGE (w/Heater Input) 70.3 % 
Fuel in 2.97 kg/hr 
Air in 2.24 kg/hr NOx emissions 0.223 Lb/MMBTU 
Mass In 5.21 lb/hr NOx emissions (Residue) 0.185 Lb/MMBTU 
Producer gas 4.68 kg/hr Pre-Baseline 0.724 Lb/MMBTU 
Water vapor 0.37 kg/hr Post-Baseline 0.714 Lb/MMBTU 
Residue 0.21 kg/hr Pre-Baseline 0 2 3.09 % 
Tar 0.05 kg/hr Post-Baseline 0 2 3.51 % 
Mass Out 5.036 ke/hr 
MoutlMin (2asifier) 1.018 Gasifier Volumetric Flow 71.33 slpm 
Gas Heating Value 175.8 BTU/scf 
Gasifier Ener2y Balance 
Fuel 10.57 kW Producer Gas 
Heater Input 0.52 kW H2 9.7 % 
Sensible Energy (air) 0.20 kW 02 0.0 % 
Energy In 11.29 kW N2 46.0 % 
Producer Gas 7.77 kW CH4 5.5 % 
Sensible Energy (gas) 1.29 kW co 17.6 % 
Fuel bound moisture 0.14 kW C02 16.6 % 
Char in Residue 1.02 kW C2H4 2.0 % 
Tar 0.60 kW GC Closure 97.4 % 
Ener2y Out 10.83 kW 
EoutlEin (2asifier) 0.959 Flue Gas Composition 
N2 81.9 % 
Combustor Mass Balance 02 0.0 % 
Air 42.35 kg/hr co 1.2 % 
Natural Gas 2.25 kg/hr C02 12.4 % 
Input from Gasifier 5.10 kg/hr H2 0.7 % 
Mass In 49.70 kl!:/hr GC Closure 96.2 % 
N2 35.12 kg/hr 
C02 8.35 kg/hr Set (°F) I(%) w Estimated Input 
co 0.49 kg/hr Heater 1 500 8.2 247 
H20 5.43 kg/hr Heater 2 1375 49.9 1248 489 
H2 0.02 kg/hr Heater 3 1375 31.8 1111 31.1 
Mass Out 49.41 ke/hr Heater 4 1375 25.0 1050 
MoutlMin (Combustor) 0.994 Heater 5 1375 20.7 869 
Carbon Balance 1.19 Out/In Fuel 
Carbon Balance Prod Gas 1.02 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 9.2 % Feeder Post Weight 16.4 lb 
Residue Weight Change 53.4 % Time 6.8 hr 
Oxygen Balance 0.958 Out/In Flow Rate 4.94 lb/hr 
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Test9 
Temp 797 oc Reburn Ratio 21.1 % 
Eq. Ratio 0.319 Reburn Ratio (Residue) 22.4 % 
CGE 87.0 % 
Gasifier Mass Balance CGE ( w/Heater Input 81.1 % 
Fuel in 2.09 kg/hr 
Air in 2.89 kg/hr NOx emissions 0.384 lb/MMBTU 
Mass In 4.98 lb/hr NOx emissions (Residue) 0.270 lb/MMBTU 
Producer gas 4.89 kg/hr Pre-Baseline 0.737 lb/MMBTU 
Water vapor 0.10 kg/hr Post-Baseline 0.776 lb/MMBTU 
Residue 0.14 kg/hr Pre-Baseline 0 2 2.95 % 
Tar 0.04 kg/hr Post-Baseline 0 2 2.48 % 
Mass Out 5.16 k!!/hr 
MoutlMio (2asifier) 1.037 Gasifier Volumetric Flow 75.6 slpm 
Gas Heating Value 182.8 BTU/scf 
Gasifier Enerey Balance 
Fuel 9.86 kW Producer Gas 
Heater Input 0.77 kW H2 14.5 % 
Sensible Energy (air) 0.19 kW 02 0.0 % 
Ener2y In 10.82 kW N2 42.l % 
Producer Gas 8.58 kW CH4 4.5 % 
Sensible Energy (gas) 1.45 kW co 19.7 % 
Fuel bound moisture 0.02 kW C02 17.2 % 
Char in Residue 0.59 kW C2H4 1.6 % 
Tar 0.51 kW GC Closure 99.6 % 
Enerf!Y Out 11.14 kW 
EoutlEin (2asifier) 1.029 Flue Gas Composition 
N2 84.4 % 
Combustor Mass Balance 02 0.0 % 
Air 42.95 kg/hr co 1.8 % 
Natural Gas 2.24 kg/hr C02 11.7 % 
Input from Gasifier 5.02 kg/hr H2 1.3 % 
Mass In 50.21 ke/hr GC Closure 99.2 % 
N2 34.74 kg/hr 
C02 7.63 kg/hr Set (°F) I(%) w Estimated Input 
co 0.51 kg/hr Heater 1 500 8.3 249 
H20 5.13 kg/hr Heater 2 1575 80.1 2002 720.7 
H2 0.03 kg/hr Heater 3 1575 41.6 1455 48.1 
Mass Out 48.03 kl!/hr Heater 4 1575 0.0 0 
MoutlMio (Combustor) 0.957 Heater 5 1575 41.9 1759 
Carbon Balance 1.22 Out/In Fuel 
Carbon Balance Prod Gas 1.09 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 6.7 % Feeder Post Weight 17.7 lb 
Residue Weight Change 44.6 % Time 7.0 hr 
Oxygen Balance 1.01 Out/In Flow Rate 4.61 lb/hr 
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Test 10 
Temp 797 oc Reburn Ratio 21.5 % 
Eq. Ratio 0.32 Reburn Ratio (Residue) 23.4 % 
CGE 89.4 % 
Gasifier Mass Balance CGE (w/Heater Input) 84.1 % 
Fuel in 2.10 kg/hr 
Air in 2.97 kg/hr NOx emissions 0.218 lb/MMBTU 
Mass In 5.07 lb/hr NOx emissions (Residue) 0.187 lb/MMBTU 
Producer gas 4.99 kg/hr Pre-Baseline 0.717 lb/MMBTU 
Water vapor 0.14 kg/hr Post-Baseline 0.684 lb/MMBTU 
Residue 0.18 kg/hr Pre-Baseline 0 2 3.02 % 
Tar 0.04 kg/hr Post-Baseline 0 2 2.50 % 
Mass Out 5.35 kg/hr 
MoutlMin (e:asifier) 1.054 Gasifier Volumetric Flow 79.49 slpm 
Gas Heating Value 179.5 BTU/scf 
Gasifier Energy Balance 
Fuel 9.92 kW Producer Gas 
Heater Input 0.66 kW H2 15.5 % 
Sensible Energy (air) 0.20 kW 02 0.0 % 
Enere:y In 10.77 kW N2 41.3 % 
Producer Gas 8.86 kW CH4 4.2 % 
Sensible Energy (gas) 1.51 kW co 19.7 % 
Fuel bound moisture 0.13 kW C02 16.2 % 
Char in Residue 0.84 kW C2H4 1.4 % 
Tar 050 kW GC Closure 98.3 % 
Energy Out 11.84 kW 
EoutlEin (e:asifier) 1.099 Flue Gas Composition 
N2 81.6 % 
Combustor Mass Balance 02 0.0 % 
Air 43.60 kg/hr co 1.6 % 
Natural Gas 2.25 kg/hr C02 12.4 % 
Input from Gasifier 5.17 kg/hr H2 1.1 % 
Mass In 51.02 ke:/hr GC Closure 96.7 % 
N2 35.31 kg/hr 
C02 8.41 kg/hr Set (°F) I(%) w Estimated Input 
co 0.67 kg/hr Heater 1 500 8.0 240 
H20 5.19 kg/hr Heater 2 1560 71.1 1779 615.3 
H2 0.03 kg/hr Heater 3 1560 46.8 1637 36.7 
Mass Out 49.62 kg/hr Heater4 1560 36.6 1538 
MoutlMin (Combustor) 0.973 Heater 5 1560 29.1 1221 
Carbon Balance 1.34 Out/In Fuel 
Carbon Balance Prod Gas 1.18 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 8.6 % Feeder Post Weight 25.2 lb 
Residue Weight Change 48.8 % Time 5.35 hr 
Oxygen Balance 0.995 Out/In Flow Rate 4.37 lb/hr 
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Test 11 
Temp 792 oc Reburn Ratio 21.5 % 
Eq. Ratio 0.298 Reburn Ratio (Residue) 23.7 % 
CGE 88.6 % 
Gasifier Mass Balance CGE (w/Heater Input) 88.2 % 
Fuel in 2.13 kg/hr 
Air in 2.82 kg/hr NOx emissions 0.333 lb/MMBTU 
Mass In 4.95 lb/hr NOx emissions (Residue) 0.308 lb/MMBTU 
Producer gas 4.71 kg/hr Pre-Baseline 0.670 lb/MMBTU 
Water vapor 0.10 kg/hr Post-Baseline 0.665 lb/MMBTU 
Residue 0.19 kg/hr Pre-Baseline 0 2 3.20 % 
Tar 0.04 kg/hr Post-Baseline 0 2 3.77 % 
Mass Out 5.04 kg/hr 
MoutlMin (gasifier) 1.018 Gasifier Volumetric Flow 75.7 slpm 
Gas Heating Value 189.6 BTU/scf 
Gasifier Energy Balance 
Fuel 10.06 kW Producer Gas 
Heater Input 0.84 kW H2 14.4 % 
Sensible Energy (air) 0.19 kW 02 0.0 % 
Energy In 11.08 kW N2 41.1 % 
Producer Gas 8.91 kW CH4 4.9 % 
Sensible Energy (gas) 1.40 kW co 21.0 % 
Fuel bound moisture 0.02 kW C02 14.6 % 
Char in Residue 0.96 kW C2H4 1.6 % 
Tar 0.52 kW GC Closure 97.6 % 
Energy Out 11.81 kW 
EoutlEin (gasifier) 1.066 Flue Gas Composition 
N2 80.0 % 
Combustor Mass Balance 02 0.0 % 
Air 42.96 kg/hr co 11.5 % 
Natural Gas 2.26 kg/hr C02 1.3 % 
Input from Gasifier 4.85 kg/hr H2 0.7 % 
Mass In 50.07 k!?:/hr GC Closure 93.5 % 
N2 34.71 kg/hr 
C02 7.84 kg/hr Set (°F) I(% w Estimated Input 
co 0.55 kg/hr Heater 1 500 7.1 213 
H20 5.18 kg/hr Heater 2 1575 83.2 2079 783.9 
H2 0.02 kg/hr Heater 3 1575 43.3 1516 52.29 
Mass Out 48.03 kg/hr Heater 4 1575 29.0 1218 
MoutlMin (Combustor) 0.965 Heater 5 1575 33.1 1390 
Carbon Balance 1.21 Out/In Fuel 
Carbon Balance Prod Gas 1.049 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 8.8 % Feeder Post Weight 21.6 lb 
Residue Weight Change 54.7 % Time 5.93 hr 
Oxygen Balance 0.94 Out/In Flowrate 4.79 lb/hr 
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Test 12 
Temp 705 oc Reburn Ratio 21.8 % 
Eq. Ratio 0.30 Reburn Ratio (Residue) 23.7 % 
CGE 86.4 % 
Gasifier Mass Balance CGE (w/Heater Input) 81.6 % 
Fuel in 2.97 kg/hr 
Air in 2.24 kg/hr NOx emissions 0.276 lb/MMBTU 
Mass In 5.21 lb/hr NOx emissions (Residue) 0.244 lb/MMBTU 
Producer gas 4.90 kg/hr Pre-Baseline 0.724 lb/MMBTU 
Water vapor 0.17 kg/hr Post-Baseline 0.714 lb/MMBTU 
Residue kg/hr Pre-Baseline 0 2 3.09 % 
Tar 0.04 kg/hr Post-Baseline 0 2 3.51 % 
Mass Out 5.30 kg/hr 
Mou/Min (2asifier) 1.016 Gasifier Volumetric Flow 79.05 slpm 
Gas Heating Value 186.2 BTU/scf 
Gasifier Energy Balance 
Fuel 10.57 kW Producer Gas 
Heater Input 0.67 kW H2 15.0 % 
Sensible Energy (air) 0.20 kW 02 0.0 % 
Energy In 11.43 kW N2 41.5 % 
Producer Gas 9.14 kW CH4 4.9 % 
Sensible Energy (gas) 1.49 kW co 19.l % 
Fuel bound moisture 0.14 kW C02 15.4 % 
Char in Residue 0.86 kW C2H4 1.6 % 
Tar 0.04 kW GC Closure 97.5 % 
Energy Out 12.12 kW 
EoutfEin (gasifier) 1.060 Flue Gas Composition 
N2 81.6 % 
Combustor Mass Balance 02 0.0 % 
Air 43.48 kg/hr co 1.4 % 
Natural Gas 2.27 kg/hr C02 12.4 % 
Input from Gasifier 5.11 kg/hr H2 1.0 % 
Mass In 50.86 k2/hr GC Closure 96.4 % 
N2 35.21 kg/hr 
C02 8.42 kg/hr Set (°F) I(%) w Estimated Input 
co 0.59 kg/hr Heater 1 500 7.5 226 
H20 5.28 kg/hr Heater 2 1550 70.3 1757 625 
H2 0.02 kg/hr Heater 3 1550 44.5 1559 40.2 
Mass Out 49.53 ks:?:/ hr Heater 4 1550 33.3 1400 
MoutlMin (Combustor) 0.974 Heater 5 1550 29.9 1255 
Carbon Balance 1.22 Out/In Fuel 
Carbon Balance Prod Gas 1.10 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 8.2 % Feeder Post Weight 16.4 lb 
Residue Weight Change NA % Time 6.8 hr 
Oxygen Balance 0.924 Out/In Flow Rate 0.924 lb/hr 
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Test 13 
Temp 706 oc Reburn Ratio 22.5 % 
Eq. Ratio 0.276 Reburn Ratio (Residue) 22.1 % 
CGE 73.9 % 
Gasifier Mass Balance CGE (w/Heater Input) 70.5 % 
Fuel in 2.59 kg/hr 
Air in 3.10 kg/hr NOx emissions 0.175 lb/MMBTU 
Mass In 5.69 lb/hr NOx emissions (Residue) 0.114 lb/MMBTU 
Producer gas 5.05 kg/hr Pre-Baseline 0.666 lb/MMBTU 
Water vapor 0.31 kg/hr Post-Baseline 0.646 lb/MMBTU 
Residue 0.23 kg/hr Pre-Baseline 0 2 3.14 % 
Tar 0.07 kg/hr Post-Baseline 0 2 3.68 % 
Mass Out 5.65 ks?/hr 
MoutlMin (2asifier) 0.994 Gasifier Volumetric Flow 76.73 slpm 
Gas Heating Value 189.1 BTU/scf 
Gasifier Enerey Balance 
Fuel 12.19 kW Producer Gas 
Heater Input 0.62 kW H2 11.0 % 
Sensible Energy (air) 0.21 kW 02 0.0 % 
Enerey In 13.02 kW N2 44.6 % 
Producer Gas 9.01 kW CH4 5.7 % 
Sensible Energy (gas) 1.37 kW co 18.0 % 
Fuel bound moisture 0.02 kW C02 17.2 % 
Char in Residue 1.12 kW C2H4 2.3 % 
Tar 0.87 kW GC Closure 98.8 % 
Enere;y Out 12.39 kW 
EoutlEin (easifier) 0.952 Flue Gas Composition 
N2 82.0 % 
Combustor Mass Balance 02 0.0 % 
Air 42.26 kg/hr co 2.0 % 
Natural Gas 2.25 kg/hr C02 12.0 % 
Input from Gasifier 5.43 kg/hr H2 1.5 % 
Mass In 49.94 kg/hr GC Closure 97.5 % 
N2 34.39 kg/hr 
C02 7.91 kg/hr Set (°F) I(%) w Estimated Input 
co 0.84 kg/hr Heater 1 500 8.9 265 
H20 5.37 kg/hr Heater 2 1390 56.9 1422 581 
H2 0.05 kg/hr Heater 3 1390 31.3 1095 38.9 
Mass Out 48.55 kg/hr Heater4 1390 25.2 1059 
MoutlMin (Combustor) 0.972 Heater 5 1390 20.5 859 
Carbon Balance 1.09 Out/In Fuel 
Carbon Balance Prod Gas 0.91 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 8.7 % Feeder Post Weight 32.9 lb 
Residue Weight Change 52.9 % Time 3.00 hr 
Oxygen Balance 0.947 Out/In Flow Rate 5.70 lb/hr 
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Test 14 
Temo 700 oc Reburn Ratio 23.9 % 
Eq. Ratio 0.225 Reburn Ratio (Residue) 27.9 % 
CGE 70.6 % 
Gasifier Mass Balance CGE (w/Heater Input) 67.8 % 
Fuel in 2.80 kg/hr 
Air in 3.10 kg/hr NOx emissions 0.233 lb/MMBTU 
Mass In 5.90 lb/hr NOx emissions (Residue) 0.144 lb/MMBTU 
Producer gas 4.93 kg/hr Pre-Baseline 0.697 lb/MMBTU 
Water vapor 0.43 kg/hr Post-Baseline 0.654 lb/MMBTU 
Residue 0.35 kg/hr Pre-Baseline 0 2 3.10 % 
Tar 0.10 kg/hr Post-Baseline 0 2 3.53 % 
Mass Out 5.82 kg/hr 
MoutlMin (gasifier) 0.986 Gasifier Volumetric Flow 75.59 slpm 
Gas Heating Value 198.9 BTU/scf 
Gasifier Energy Balance 
Fuel 12.82 kW Producer Gas 
Heater Input 0.59 kW H2 9.6 % 
Sensible Energy (air) 0.21 kW 02 0.0 % 
Energy In 13.61 kW N2 45.2 % 
Producer Gas 9.33 kW CH4 6.1 % 
Sensible Energy (gas) 1.37 kW co 20.3 % 
Fuel bound moisture 0.03 kW C02 14.5 % 
Char in Residue 1.77 kW C2H4 2.5 % 
Tar 0.10 kW GC Closure 98.2 % 
Energy Out 13.68 kW 
EoutlEin (2asifier) 0.986 Flue Gas Composition 
N2 84.1 % 
Combustor Mass Balance 02 0.0 % 
Air 41.98 kg/hr co 2.8 % 
Natural Gas 2.25 kg/hr C02 11.7 % 
Input from Gasifier 5.47 kg/hr H2 1.9 % 
Mass In 49.70 kg/hr GC Closure 100.5 % 
N2 34.18 kg/hr 
C02 7.48 kg/hr Set (°F) I(%) w Estimated Input 
co 1.12 kg/hr Heater 1 500 8.0 239 
H20 5.49 kg/hr Heater 2 1375 53.5 1338 550.6 
H2 0.06 kg/hr Heater 3 1375 30.4 1063 36.77 
Mass Out 48.33 kg/hr Heater4 1375 24.5 1028 
MoutlMin (Combustor) 0.972 Heater 5 1375 19.7 828 
Carbon Balance 1.08 Out/In Fuel 
Carbon Balance Prod Gas 0.84 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 12.5 % Feeder Post Weight 9.4 lb 
Residue Weight Change 54.2 % Time 6.62 hr 
Oxygen Balance 0.90 Out/In Flow Rate 6.14 lb/hr 
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Test 15 
Temp 704 oc Reburn Ratio 23.9 % 
Eq. Ratio 0.25 Reburn Ratio (Residue) 26.8 % 
CGE 73.0 % 
Gasifier Mass Balance CGE (w/Heater Input 69.8 % 
Fuel in 2.72 kg/hr 
Air in 2.97 kg/hr NOx emissions 0.191 lb/MMBTU 
Mass In 5.69 lb/hr NOx emissions (Residue) 0.135 lb/MMBTU 
Producer gas 5.11 kg/hr Pre-Baseline 0.724 lb/MMBTU 
Water vapor 0.43 kg/hr Post-Baseline 0.714 lb/MMBTU 
Residue 0.24 kg/hr Pre-Baseline 0 2 3.09 % 
Tar 0.10 kg/hr Post-Baseline 0 2 3.51 % 
Mass Out 5.89 k!!/hr 
MoutfMin ( easifier) 1.035 Gasifier Volumetric Flow 75.47 slpm 
Gas Heating Value 199.5 BTU/scf 
Gasifier Enen?:Y Balance 
Fuel 12.82 kW Producer Gas 
Heater Input 0.61 kW H2 11.8 % 
Sensible Energy (air) 0.20 kW 02 0.0 % 
Enerey In 13.63 kW N2 43.5 % 
Producer Gas 9.35 kW CH4 6.1 % 
Sensible Energy (gas) 1.44 kW co 19.0 % 
Fuel bound moisture 0.17 kW C02 18.7 % 
Char in Residue 1.26 kW C2H4 2.4 % 
Tar 1.20 kW GC Closure 101.5 % 
Ener2y Out 13.42 kW 
EoutlEin (easifier) 0.985 Flue Gas Composition 
N2 82.3 % 
Combustor Mass Balance 02 0.0 % 
Air 43.7 kg/hr co 1.9 % 
Natural Gas 2.25 kg/hr C02 13.3 % 
Input from Gasifier 5.65 kg/hr H2 1.3 % 
Mass In 51.59 k!!/hr GC Closure 98.8 % 
N2 35.3 kg/hr 
C02 8.97 kg/hr Set (°F) I(%) w Estimated Input 
co 0.81 kg/hr Heater 1 500 8.4 253 
H20 5.49 kg/hr Heater 2 1385 55.5 1387 572 
H2 0.04 kg/hr Heater 3 1385 37.2 1304 36.8 
Mass Out 50.69 ke:/hr Heater 4 1390 26.0 1092 
MoutfMin (Combustor) 0.983 Heater 5 1390 20.3 854 
Carbon Balance 1.2 Out/In Fuel 
Carbon Balance Prod Gas 0.984 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 8.9 % Feeder Post Weight 16.4 lb 
Residue Weight Change 56.3 % Time 6.8 hr 
Oxygen Balance 0.998 Out/In Flow Rate 4.94 lb/hr 
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Test 16 
Temp 792 oc Reburn Ratio 19.7 % 
Eq. Ratio 0.25 Reburn Ratio (Residue) 22.1 % 
CGE 73.6 % 
Gasifier Mass Balance CGE (w/Heater Input) 70.3 % 
Fuel in 2.72 kg/hr 
Air in 2.97 kg/hr NOx emissions 0.170 lb/MMBTU 
Mass In 5.69 lb/hr NOx emissions (Residue) 0.119 lb/MMBTU 
Producer gas 5.46 kg/hr Pre-Baseline 0.724 lb/MMBTU 
Water vapor 0.24 kg/hr Post-Baseline 0.714 lb/MMBTU 
Residue 0.23 kg/hr Pre-Baseline 0 2 3.09 % 
Tar 0.05 kg/hr Post-Baseline 0 2 3.51 % 
Mass Out 5.98 kg/hr 
MoutfMin (2asifier) 1.051 Gasifier Volumetric Flow 71.33 slpm 
Gas Heating Value 175.8 BTU/scf 
Gasifier Ener2y Balance 
Fuel 12.82 kW Producer Gas 
Heater Input 0.83 kW H2 9.7 % 
Sensible Energy (air) 0.20 kW 02 0.0 % 
Energy In 13.85 kW N2 46.0 % 
Producer Gas 11.14 kW CH4 5.5 % 
Sensible Energy (gas) 1.71 kW co 17.6 % 
Fuel bound moisture 0.17 kW C02 16.6 % 
Char in Residue 1.08 kW C2H4 2.0 % 
Tar 0.53 kW GC Closure 97.4 % 
Ener2y Out 14.62 kW 
EoutlEin (gasifier) 1.056 Flue Gas Composition 
N2 81.9 % 
Combustor Mass Balance 02 0.0 % 
Air 43.72 kg/hr co 1.2 % 
Natural Gas 2.23 kg/hr C02 12.4 % 
Input from Gasifier 5.75 kg/hr H2 0.7 % 
Mass In 51.70 kS?;/hr GC Closure 96.2 % 
N2 35.40 kg/hr 
C02 9.11 kg/hr Set (°F) I(%) w Estimated Input 
co 1.00 kg/hr Heater 1 500 8.2 247 
H20 5.26 kg/hr Heater 2 1375 49.9 1248 489 
H2 0.05 kg/hr Heater 3 1375 31.8 1111 31.l 
Mass Out 50.82 kS?;/hr Heater 4 1375 25.0 1050 
MoutfMin (Combustor) 0.983 Heater 5 1375 20.7 869 
Carbon Balance 1.19 Out/In Fuel 
Carbon Balance Prod Gas 1.01 Out/In Feeder Pre Weight 50 Lb 
Char Out/Fuel In 9.2 % Feeder Post Weight 16.4 Lb 
Residue Weight Change 0.532 % Time 6.8 Hr 
Oxygen Balance 0.958 Out/In Flowrate 4.94 lb/hr 
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Test 17 
Temp 787 oc Reburn Ratio 28.4 % 
Eq. Ratio 0.225 Reburn Ratio (Residue) 30.7 % 
CGE 98.2 % 
Gasifier Mass Balance CGE ( w/Heater Input) 91.6 % 
Fuel in 2.80 kg/hr 
Air in 3.10 kg/hr NOx emissions 0.132 lb/MMBTU 
Mass In 5~90 lb/hr NOx emissions (Residue) 0.117 lb/MMBTU 
Producer gas 5.95 kg/hr Pre-Baseline 0.697 lb/MMBTU 
Water vapor 0.03 kg/hr Post-Baseline 0.654 lb/MMBTU 
Residue 0.26 kg/hr Pre-Baseline 0 2 3.10 % 
Tar 0.05 kg/hr Post-Baseline 0 2 3.53 % 
Mass Out 6.30 ke/hr 
MoutfMin (easifier) 1.068 Gasifier Volumetric Flow 97.03 slpm 
Gas Heating Value 215.1 BTU/scf 
Gasifier Enerey Balance 
Fuel 13.21 kW Producer Gas 
Heater Input 1.00 kW H2 17.5 % 
Sensible Energy (air) 0.21 kW 02 0.0 % 
Energy In 14.42 kW N2 35.2 % 
Producer Gas 12.97 kW CH4 5.5 % 
Sensible Energy (gas) 1.73 kW co 11.9 % 
Fuel bound moisture 0.03 kW C02 0.3 % 
Char in Residue 1.09 kW C2H4 1.9 % 
Tar 0.61 kW GC Closure 98.2 % 
Enerey Out 16.43 kW 
EoutfEin (gasifier) 1.139 Flue Gas Composition 
N2 83.3 % 
Combustor Mass Balance 02 0.0 % 
Air 41.90 kg/hr co 11.9 % 
Natural Gas 2.26 kg/hr C02 0.3 % 
Input from Gasifier 6.04 kg/hr H2 2.1 % 
Mass In 50.19 ke/hr GC Closure 97.6 % 
N2 34.22 kg/hr 
C02 7.64 kg/hr Set (°F) I(%) w Estimated Input 
co 1.22 kg/hr Heater 1 500 7.7 231 
H20 5.02 kg/hr Heater 2 1590 95.1 2377 935.8 
H2 0.06 kg/hr Heater 3 1590 47.7 1671 62.78 
Mass Out 48.05 ke/hr Heater 4 1590 35.5 1491 
MoutlMin (Combustor) 0.957 Heater 5 1590 30.3 1273 
Carbon Balance 1.25 Out/In Fuel 
Carbon Balance Prod Gas 1.11 Out/In Feeder Pre Weight 50 lb 
Char Out/Fuel In 9.4 % Feeder Post Weight 9.4 lb 
Residue Weight Change 43.9 % Time 6.62 hr 
Oxygen Balance 0.97 Out/In Flow Rate 6.14 lb/hr 
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APPENDIX C: GASIFICATION RESIDUE DATA 
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